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Abstract 
Friction Stir Processing (FSP) has the potential for locally enhancing the properties of 
Al-Si alloy castings, for demanding applications within the automotive industry. In this 
thesis, the effect of FSP has been examined on three different cast Al-Si alloys: 
i) A Hypoeutectic Al-8.9wt%Si Alloy 
ii) A Hypereutectic Al-12.1wt%Si Alloy 
iii) A Hypereutectic Al-12.1wt%Si-2.4wt%Ni Alloy 
The influence of different processing parameters has been investigated at a fundamental 
level. Image analysis of particle size distributions and growth method of tessellation 
were used to quantify the level of particle refinement and the homogeneity of the second 
phase spatial distribution. Stop-action experiments were also carried out, to allow the 
microstructural changes around the tool during FSP to be studied. Two computer 
models have been explored, in order to predict the temperature distribution and the 
material flow behaviour. Furthermore, the stability of the microstructure of the friction 
stir processed material was studied after being heat treated at elevated temperatures. The 
changes in particle size and grain structure were examined, hardness measurements 
were taken across the PZ, and tensile testing were carried out at room and elevated 
temperatures. 
After FSP, the microstructure of the cast Al-Si alloys was greatly refined. However, 
differences in microstructure have been observed throughout the PZ, which tended to be 
better refined and distributed on the advancing side, than the retreating side of the PZ. 
Changing the processing parameters also influenced the size and spatial distribution of 
the second phase particles. By studying the changes in microstructure around the tool 
from the stop-action experiments, and comparing the results to the thermal distribution 
and material flow behaviour predicted by the computer models, it has been shown that 
the flow stress, pitch, and temperature of processing, all needed to be considered, when 
determining the effects that FSP have on the microstructure. FSP caused very little 
changes to the hardness of the material, while tensile properties were greatly improved, 
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due to the elimination of porosity and refinement of large flawed particles. In terms of 
the stability of the microstructure after FSP, particle coarsening and abnormal grain 
growth has been observed during high temperatures heat treatment. Furthermore, the 
Al2Cu phase was found to dissolve into solid solution at elevated temperatures, so GPZs 
and solute clustering can then develop within the alloy during natural ageing. 
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Chapter 1 
Introduction 
Al-Si alloys are widely used in automotive applications because of their low cost, 
attractive density, and high temperature capability, combined with excellent castability. 
However, in order to increase engine efficiencies, there are demands for ever more 
severe operating conditions, which will require improvements to the performance of 
current materials. Friction Stir Processing (FSP) is a variant of the Friction Stir Welding 
(FSW) process, where the intense deformation generated by traversing a rotating 
welding tool, has been exploited as a technique of microstructural refinement in a range 
of materials [Park et al., 2003; 2004; Mishra et al., 2003; Zhang et al., 2005; Reynolds et al., 
2005; Morisada et al., 2006; Shafiei-Zarghani et al., 2009]. Investigations into the use of 
FSP have shown that it can lead to a dramatic reduction in grain size and a high level of 
second phase particle refinement [Ma et al., 2002; Charit & Mishra, 2003; Johannes et al., 
2007i, 2007ii; Liu & Ma, 2008]. By refining the microstructure of cast Al-Si alloys, the 
high temperature mechanical performance and, in particular, fatigue properties should 
be improved [Sharma et al., 2004; Ma et al., 2006ii]. The technique thus has potential for 
locally enhancing the microstructure in highly stressed areas of cast Al-Si engine 
components, such as piston crowns or cylinders. 
Previous investigations into the effect of FSP on Al-Si casting alloys have shown that 
high levels of microstructural refinement can be achieved, with the size of the Si 
particles being reduced to less than 3 µm in sand castings, or even finer, to less than 1 
µm in chemically modified castings containing a fibrous eutectic Si [Ma et al., 2006iii; 
2008]. At the same time, there is a reduction in porosity, and the grain size can be 
reduced to below 5 µm. By subjecting Al-Si alloys to FSP, the tensile and fatigue 
properties have also been found to improve. Several researchers have reported the effect 
of the processing parameters on the level of refinement that can be achieved [Sharma et 
al., 2004; Santella et al., 2005; Ma et al., 2006i]. Observations to date include an increase in 
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homogeneity and a slight reduction in particle size with tool rotation rate. However, the 
mechanisms of particle refinement in Al-Si alloys during FSP have not been previously 
thoroughly investigated. 
In order to investigate the factors that may potentially influence the feasibility of using 
FSP for enhancing the microstructure in highly stressed areas of cast Al-Si engine 
components, three different cast Al-Si alloys, with different Si and Ni contents were 
used in this research: 
iv) A Hypoeutectic Al-8.9wt%Si Alloy 
v) A Hypereutectic Al-12.1wt%Si Alloy 
vi) A Hypereutectic Al-12.1wt%Si-2.4wt%Ni Alloy 
The microstructure of these gravity die cast Al-Si alloys were subjected to a range of 
FSP conditions.  
In this thesis, Chapter 2 reviews the relevant literature on Al-Si alloys and FSP. This 
includes looking at the microstructure, and the typical failure behaviour of the material. 
An overview of FSW/FSP is also given, discussing the factors affecting the process, and 
the results from previous experimental work and computer models on the subject. 
The experimental procedures and methods for data analysis used in the project are 
described in Chapter 3. It details the processing, computer modelling, and mechanical 
testing of the materials, as well as analytical techniques, such as quantitative 
microscopy and statistical evaluation. 
The microstructure of the cast Al-Si alloys, before and after FSP, is discussed in 
Chapter 4 and Chapter 5 respectively. The original microstructure of the cast Al-Si 
alloys were characterised using XRD, EDX, and JMatPro software. While after FSP, image 
analysis of particle size distributions and growth method of tessellation were used to 
quantify the level of particle refinement and the homogeneity of the second phase 
spatial distribution, as a function of location within the PZ, as well as the relationship to 
the processing conditions, such as the rotation rate and transverse speed.  
Two computer models are explored in Chapter 6 to predict the temperature distribution, 
strain, and strain rate experienced by the material during FSP. From the models, the 
changes to the thermal field and deformation zone around the tool during FSP can be 
predicted as a function of processing parameters and position in the PZ. Material flow 
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behaviour can also be obtained from the flow model by following the different flow 
paths through the PZ.  The main aim of this work was to relate the deformation 
conditions to the level and stages of particle refinement that occur in FSP of Al-Si 
alloys. 
In Chapter 7, the mechanism of particle and grain refinement during FSP is investigated 
by conducting stop-action experiments, where the microstructural changes around the 
tool was retained from FSP. The changes in microstructure ahead of the tool, and along 
the different flow paths across the PZ were examined in detail. Results and observations 
were then related to the changes in flow stress, pitch and temperature of the processes in 
order to obtain a detailed analysis of the refinement process. 
Furthermore, in Chapter 8, the stability of the microstructure of the friction stir 
processed material was studied after being heat treated at elevated temperatures. The 
changes in particle size and grain structure were examined, hardness measurements 
were taken across the PZ, and tensile testing were carried out at room and elevated 
temperatures. 
Finally, conclusions are drawn in Chapter 9. 
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Chapter 2 
Literature Review 
2.1 Aluminium Alloys 
Over the last thirty years, the global production of aluminium (Al) has nearly doubled 
from 15 million tons per year in 1980, to 30 million tons per year in 2005. Aluminium 
alloys are used in many applications, and is extensively used within the transportation 
industry. This is because it has a low density (2.7 g cm
-3
), as well as an attractive 
balance of mechanical properties, which makes using the material ideal for efficiency 
improvements in automotive and aerospace components. Furthermore, its low melting 
temperature (Tm = 660 ˚C) and a face centre cubic (fcc) crystal structure means that 
aluminium components can be produced and fabricated more cheaply and easily 
compared with other conventional light weight metals [Callister, 2003]. Unfortunately, 
pure Al has a low stiffness and strength (E = 70 GPa and TS = 90 MPa respectively) 
[Callister, 2003] which would otherwise restrict the use of the material to specialised 
non-structural applications. However, its strength can be modified and enhanced by 
intelligent addition of alloying elements. 
Although most metallic elements will mix with liquid Al, many are limited in their use 
as alloying elements because they have low solid solubility in Aluminium (table 2.1) 
[Polmear, 1995]. The most common alloying additives include copper, magnesium, and 
zinc, since they have significantly high solid solubility in Al. However, several other 
high melting point transition elements with low solid solubility, such as chromium and 
manganese, are also widely used as additives. These are exploited in order to control the 
grain structure development during processing [Polmear, 1995]. 
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Element Temperature (°C) 
Maximum Solubility 
(wt%) (at%) 
Copper 548 5.65 2.4 
Chromium 661 0.77 0.4 
Magnesium 450 17.4 18.5 
Manganese 658 1.82 0.9 
Silicon 577 1.65 1.59 
Zinc 443 70 28.8 
 
Table 2.1 Maximum solid solubility of commonly used alloying elements in aluminium 
[Polmear, 1995]. 
Depending on the alloying element(s), composition, and processing route, the properties 
of Al alloys can be improved by a variety of mechanisms, both directly and indirectly 
introduced to the material. These can be divided into several groups, including 
constituent particles, dispersoids, grain structure, dislocations, and precipitations. These 
features generally develop during different stages of the manufacture of semi-finished 
products [Robson, 2004], and each can also be affected by latter stages of processing. 
The classification of Al alloys can be categorised into two main groups; either as cast 
alloys or wrought alloys. Further to this, the alloys are usually subdivided into those that 
are heat treatable, or non-heat treatable [Polmear, 1995]. This property is mainly 
dependent on the presence of the alloying element(s) with high solid solubility in Al, 
and their ability to form fine second phase precipitates within the alloy. In general, heat 
treatable alloys tend to exhibit higher strength than non-heat treatable alloys. This is 
because precipitates within the microstructure can act as very effective barriers, 
blocking and hindering dislocation motion [Martin, 1998]. Therefore, the greatest 
achievable strength and hardness of Al alloys are found in carefully heat treated 
conditions. However, these Al alloys tend to be less thermally stable at elevated 
temperature, because the precipitates can redissolve and return into solid solution, or 
coarsen, which will affect both the microstructure and properties of the alloy. 
Al alloys are largely produced as wrought plates or sheets, which are used extensively 
in structural and aerospace applications, although certain alloys are widely used as 
casting. In order to further classify wrought Al alloys, an international designation 
system has now been adopted based on that introduced by the American Al association, 
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shown in table 2.2 [Callister, 2003]. Each wrought Al alloy is described using a 4 digit 
number, and with additional letters and numbers to represent the tempering condition. 
Note that the first digit is the most significant, since it classifies the major alloying 
element(s). The other digits usually relate to the purity of the alloy or the concentration 
and presence of other additives. 
Code Major Alloying Element(s) Properties 
1xxx Pure  
2xxx Cu (Mg) Heat Treatable 
3xxx Mn (Mg) Non Heat Treatable 
4xxx Si Non Heat Treatable 
5xxx Mg Non Heat Treatable 
6xxx Si & Mg Heat Treatable 
7xxx Mg & Zn (Cu) Heat Treatable 
8xxx Other  
 
Table 2.2 International designation system for Al wrought alloys [Polmear, 1995]. 
To classify the tempered condition of wrought Al alloys, a suffix, which follows the 
four digits number, is used to represent the treatment. In most cases, the condition of the 
alloy is represented by a letter and a number (table 2.3). The letter indicates the basic 
general treatment (i.e. F = as fabricated, O = annealed, H = cold worked, and T = age 
hardened), whilst the number indicates the specific treatment.  
Tempers Description 
T3 Solution heat treated, cold worked and then naturally aged 
T4 Solution heat treated, and naturally aged 
T5 Cooled from high temperature shaping, and then artificially aged 
T6 Solution heat treated, and then artificially aged to peak hardness 
T7 Solution heat treated, and then artificially over-aged 
T8 Solution heat treated, cold worked , and then artificially aged 
 
Table 2.3 Basic temper conditions of commercial wrought Al alloys [Polmear, 1995]. 
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Al components with complex geometries are usually cast into near-net shape. Large 
numbers of components used in the automotive industry are made from cast aluminium 
alloys. These include engine blocks, automotive pistons, gearbox casings, car steering 
knuckles, etc. Unlike wrought Al alloys, there is no internationally accepted designation 
system for the classification of cast Al alloys. In Britain, cast Al alloys have the prefix 
LM, and are then numbered in no specific manner. This is followed by a suffix, 
indicating the condition of the casting as listed in table 2.4. However, the Aluminium 
Association of the United States has introduced a revised system similar to that adopted 
for wrought alloys which is now more commonly used (table 2.5). 
Tempers Description 
M As cast 
TB Solution treated and naturally aged 
TB7 Solution treated and stabilized 
TE Artificially aged after casting 
TF Solution treated and artificially aged 
TF7 Solution treated, artificially aged and stabilized 
TS Thermally stress relieved 
 
Table 2.4 Common tempering conditions of commercial cast Al alloys [Polmear, 1995]. 
Code Major Alloying Element(s) Properties 
1xx.x Pure  
2xx.x Cu Heat Treatable 
3xx.x Si with added Cu and/or Mg Heat Treatable 
4xx.x Si Not Heat Treatable 
5xx.x Mg Not Heat Treatable 
6xx.x Unused series  
7xx.x Zn Heat Treatable 
8xx.x Ti Not Heat Treatable 
9xx.x Other  
 
Table 2.5 United State revised designation system for Al cast alloys [Polmear, 1995]. 
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2.1.1 Strengthening Mechanism 
Dislocations are critical to the mechanical properties of metals, since plastic 
deformation occurs through the movement of dislocations. Therefore, in order to 
increase the yield strength of soft pure metals like Al, the mobility of the dislocations 
needs to be reduced. In metals, dislocation motion can be inhibited by four main 
strengthening mechanisms, which are strain hardening, grain size strengthening, solid 
solute strengthening, and precipitate strengthening [Kelly & Nicholson, 1963; Ardell, 
1985; Callister, 2003]. 
 
 Strain Hardening 
Work hardening is the strengthening of a metal by plastic deformation. Dislocations are 
defined as line defects within a crystal structure, which have a lattice strain field 
associated with them, as the bonds surrounding the dislocations are strained. Therefore, 
dislocations interact with each other, and dislocation motion can be impeded by the 
repulsive or attractive forces associated with the strain fields [Callister, 2003]. In 
addition, when dislocations cross each other, they interact more strongly which can 
cause the formation of sessile jogs that pin and hinder dislocation motion. As both of 
these processes are more likely to occur when more dislocations are present, the 
correlation between dislocation density    and yield strength     can be given by: 
            (Eq. 2.1) 
where G is the shear modulus, and b is the Burgers vector [Humphrey & Hatherly, 
2004]. As a result, when a metal is being continuously strained beyond its elastic 
regime, the increase in dislocation density causes the material to strengthen, with a 
parabolic relationship. 
 
Grain Size Strengthening 
Grain boundaries have been shown to provide a strengthening effect by impeding 
dislocation motion [Taylor, 1938]. This is due to the fact that the slip plane is not 
continuous across grain boundary, and dislocations can not cross grain boundaries of 
more than a few degrees mis-orientation. The discontinuity of the slip plane prevents 
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the dislocation from moving into adjacent grains. Therefore, having a greater number of 
high angle grain boundaries per volume will provide more resistance to dislocation 
motion. With a larger grain structure, more dislocation can pile up within the grains, 
leading to a greater driving force to move the dislocations from one grain to another. 
Thus, the force required to propagate plastic deformation within a coarse grain size 
structure is lower than a fine grain size structure. The relationship between the yield 
stress σy and the grain size d is given by Hall-Petch equation: 
      
 
    
   (Eq. 2.2) 
where σ0 is the intrinsic yield stress, and k is a material constant [Sato et al., 2001]. 
 
Solute Strengthening 
Having solute atoms within the microstructure also contribute to strength, due to the 
generation of misfit strain [Fleischer, 1963]. Depending on the size of the solute atom, 
point defects can be either substitutional, where the solute atoms take the position of the 
solvent atoms, or interstitial, where the solute atoms are positioned between the solvent 
atoms. As a result, the solute atoms cause lattice distortions that impede dislocation 
motion. A larger substitutional atom will exert a compressive strain on the surrounding 
matrix atoms, while a smaller substitutional atom will cause a tensile strain. Therefore, 
interaction between the strain fields imposed by the solute atoms and the strain field 
associated with dislocations will restrict dislocation motion. In general, solid solution 
strengthening depends on the concentration, shear modulus, and the size of the solute 
atoms [Fleischer, 1963]. Increasing the concentration and shear modulus of the solute 
atoms will increase the yield strength of the material. 
 
Precipitate Strengthening 
In most cases, the development of second phase precipitates show the greatest effect to 
increasing the strength and hardness in Al alloys. The introduction of precipitates within 
the microstructure will inhibit dislocation motion, and the effectiveness is related to the 
size and distribution of the precipitates [Kelly & Nicholson, 1963; Ardell, 1985]. If the 
precipitate particles are very fine and coherent with the matrix, dislocations can pass 
through the precipitate by cutting and shearing [Ardell, 1985]. On the other hand, large 
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and widely distributed particles will allow dislocations to more easily bow between the 
particles, leaving behind dislocation loops around the particles [Polmear, 1995]. As a 
result, a relatively fine and close distribution of precipitates is required for the 
precipitates to act as effective barriers to dislocation motion, by resisting both cutting 
and bowing. The strengthening effect due to a strong dispersion of particles can be 
estimated using Ashby-Orowan strengthening equation given by: 
         
       
 
  
 
 
   (Eq. 2.3) 
where          is Orowan strengthening caused by the second phase particles, Gm and 
b are the shear modulus and Burger vector of the matrix respectively,  r is the radius of 
the particles, and λ is the interparticle spacing [Dieter, 1986]. 
 
2.2 Automotive Pistons 
2.2.1 Introduction 
The use of light vehicle diesel engines has rapidly increased over recent years due to the 
increasing importance of environmental issues. In order to optimise the performance of 
diesel engines, many investigations have looked into methods of reducing their weight, 
operating pressure and temperature, thus increasing the overall engine efficiency. 
The design of a modern piston consists of a number of special features, of which 
perhaps the most critical is the design of the piston crown. The main purpose of the 
piston crown is to aid gas flow in the combustion chamber, ‘conduct heat from the 
combustion chamber to the piston wall, and transfer the thrust developed by the gas 
pressure to the piston pin boss region’ [Heisler, 1995; Kenningley, 2007]. Therefore, 
during operation, the piston crown will experience high temperatures and great forces. 
With these factors to consider, the material used for the application must be carefully 
selected and the properties must be optimised.  
Due to these high performance needs, and increasing efficiency requirements, greater 
demands have been placed upon the materials used for automotive pistons. With the 
operating temperature and combustion pressure of diesel engines rapidly increasing to 
obtain higher efficiencies, it is obvious that the materials used will need to be capable of 
service under such high temperatures with high loads. Not only is it important that the 
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material has sufficient high temperature strength, but it will also need to have low 
temperature ductility, which must be combined with good wear and hot fatigue 
resistance [Barnes, 2001]. In terms of the physical properties, low density is ideal for 
efficiency improvement, but both high thermal conductivity and low thermal expansion 
are also essential for the piston to function properly during operation. As in any other 
industrial product, the material must be easy to cast into the required shape, with low 
porosity, and the manufacturing cost should be kept to a minimum. Having taken all the 
above requirements into consideration, it has been found that near eutectic Al-Si alloys 
are very well suited for this application, and are, therefore, extensively used for 
producing modern pistons [Haque & Maleque, 1998]. 
 
2.2.2 Alloy Additions in Al-Si Casting Alloys 
Al-Si alloys are commonly used as a casting material. This class of Al alloys has a low 
molten viscosity, and allows components with complex geometries to be produced with 
minimal defects and low shrinkage [Elliot, 1983; Barnes, 2001]. However, in order to 
improve the performance of the alloy to meet the other demanding requirements, 
additional alloying elements are commonly added. Depending on the composition and 
the Silicon (Si) content, the microstructure that develops will vary, and this will in turn 
lead to alterations to the properties of the alloy. Therefore, compositional development 
plays an important role in optimising the performance of pistons [ASM]. Compositions 
of typical Al-Si casting alloys are given in table 2.6. 
Casting Designation 
Composition wt.% (Min Max) 
Cu Si Mg Fe Mn Ni Zn Pb Sn Ti 
Pressure 
Diecasting 
LM 2 /      
A 384 
0.7  2.5 9.0  11.5 0.3 1 0.5 0.5 2 0.03 0.2 0.2 
LM 24 /    
A 380 
3.0  4.0 7.5  9.5 0.3 1.3 0.5 0.5 3 0.3 0.2 0.2 
LM 6 /      
A 413 
0.1 10.0  13.0 0.1 0.6 0.1 0.1 0.1 0.1 0.05 0.2 
Sand / 
Pressure 
Casting 
LM 25 /    
A 356 
0.2 6.5  7.5 0.2  0.6 0.5 0.3 0.1 0.1 0.1 0.05 0.2 
LM 4 /      
A 319 
2.0  4.0 4.0  6.0 0.2 0.8 0.6 0.3 0.5 0.1 0.1 0.2 
 
Table 2.6 Designations and compositions of commercial Al-Si alloys using the UK 
(LM), and United State (A) systems [ASM]. 
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Silicon (Si) 
Silicon (Si) is added to Al alloys primarily to improve castability, but also to generate 
thermally stable second phase Si particles, which enhance high temperature strength, 
fatigue resistance, and wear resistance [Elliot, 1983; Polmear, 1995]. The Si phase can 
exist as primary particles and as a range of eutectic morphologies with aluminium, 
depending on the concentration and cooling rate. By simply increasing the Si content to 
push the alloy into the hypereutectic regime (fig. 2.1), the particle count of primary Si 
will be increased, and this improves the fatigue resistance [Conley et al., 2000; Moffat, 
2007]. The Si phase also affects the high temperature performance of the alloy, and can 
improve the wear and scuffing resistance. However, it had been found that there is a 
limit to the amount of Si that can be added to Al alloys if the desired properties are to be 
maintained. This is because large primary Si particles will start to develop, and if the 
size and distribution of these Si particles is not carefully controlled, they will reduce the 
low temperature fatigue strength and toughness of the alloy, promoting more rapid 
crack initiation [Joyce et al., 2003; Moffat et al., 2005]. However, the development of 
the primary Si particles is very difficult to control in large scale volume production. On 
top of this, increasing the Si content above a certain level will also increase the casting 
temperature of the alloy, and reduces castability. Therefore, the Si content in Al-Si 
alloys used for piston applications tends to be around the eutectic composition and is 
never much higher than this, because a complex range of difficult morphologies can be 
developed by the Si phase, depending on composition and the solidification condition. 
This will be discussed in more detail in section 2.2.3. 
 
Copper (Cu) & Magnesium (Mg) 
To further improve the fatigue performance of Al-Si alloys, copper (Cu) and 
magnesium (Mg) can be added [Barnes, 2001]. Introducing these elements to the alloy 
causes families of age hardening precipitates to develop; base on Al2Cu and Mg2Si 
respectively [Daykin, 1997]. However, these second phase particles will only increase 
the fatigue strength of the material at low temperatures. This is because these phases, 
will coarsen severely when the alloy is exposed to elevated temperature. The resulting 
precipitates become much larger, therefore the strengthening mechanism will be lost. 
Nevertheless, in general, the properties of the alloy can be enhanced by increasing the 
amount of Cu and Mg to promote a high particle count of second phases, as well as 
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increasing solid solution strengthening [Polmear, 1995]. However, by increasing the 
amount of alloying elements, the shrinkage level of the alloy will be increased. This can 
lead to porosity problems and makes the alloy harder to cast. Typically, no more than 4 
wt% Cu and 0.5 wt% Mg are added to piston alloys. 
 
Nickel (Ni) 
For applications where the material is exposed to elevated temperatures, such as 
automotive pistons, nickel (Ni) can be added to improve the high temperature fatigue 
strength of Al-Si alloys [Barnes, 2001]. Having Ni present within the alloy will promote 
the development of several high temperature stable primary intermetallic phases, such 
as Al7Cu4Ni and Al9FeNi [Daykin, 1997; Edwards, 2002], whilst the microstructure 
becomes more complex. Initially, these phases are much larger than the Al2Cu particles, 
but because they show very little coarsening at elevated temperatures, the high 
temperature properties of the alloy are improved. However, like any other alloying 
elements, the Ni content added to the alloy must be carefully monitored. Not only is Ni 
an expensive element, but having excessive Ni in the alloy can cause large intermetallic 
phases to form and these particles then become detrimental to the alloy by acting as 
fatigue cracks initiation sites [Joyce, 2003].  
 
Titanium (Ti) 
A small amount of titanium (Ti) is often added to hypoeutectic Al alloys as a grain 
refiner for the primary α-phase. In the molten state, Ti combines with Al to form finely 
dispersed Al3Ti particles throughout the melt. These particles are effective 
heterogeneous nucleation sites for Al grains. Therefore, the nucleation count is 
increased and the resulting grains are refined with reduced micro-porosities [Elliot, 
1983]. To produce a successful microstructure with a fine grain size, the Ti content 
must be >0.15 wt%, so that the peritectic reaction occurs just below 665 ˚C and slightly 
above the solidification temperature of Al. The amount of Ti must also be <0.7 wt% to 
ensure that no coarse Al3Ti second phase particles remain within the alloy once the 
material is fully solidified. However, titanium is normally added with boron (B) to 
exploit the TiB2 phase, which is stable within the Al melt, and when added in 
conjunction with an excess of Ti is an efficient inoculants. 
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Phosphorus (P), Sodium (Na) & Strontium (Sr) 
Since large primary Si particles usually act as crack initiation sites and reduce the low 
temperature fatigue strength of the alloy, it is important to control the size of the 
primary Si particles to be as small as possible. One of the methods of achieving this is 
to introduce very small amount of phosphorus (P) [Edwards, 2002], sodium (Na) 
[Verdu et al., 1996] and/or strontium (Sr) [Haque & Maleque, 1998] to the alloy. P will 
combine with molten Al to form AlP. These particles can then act as heterogeneous 
nucleation sites for the primary Si crystals, causing an increase in the particle count 
[Polmear, 1995; Barnes, 2001]. However, no more than 0.01wt% of P is added to Al 
alloys to prevent the generation of other P containing phases that are harmful to the 
properties of the material. Similarly, small concentration of Na and Sr can refine and 
modify the growth behaviour of eutectic silicon from flake to fibrous. This is achieved 
by introducing faults and twinning in the crystal growth process [Elliot, 1983]. 
 
Iron (Fe) & Manganese (Mn) 
Traces of iron (Fe) are always present as an impurity within Al alloys, due to reuse of 
recycled scrap and contamination of bauxite ore in primary aluminium production. 
Having Fe in the alloy is bad for the mechanical properties because it combines with Al 
and Si to form AlFeSi particles [Daykin, 1997; Edwards, 2002]. These brittle particles 
are large and needle like and are deleterious to the materials mechanical properties. A 
method for solving this problem is to reduce the Fe level within the alloy, but this adds 
extra cost to the manufacturing process, which is not ideal for large volume industrial 
production. Another cheaper method is to introduce manganese (Mn) to the alloy. 
Adding Mn to the alloy causes the AlFeMnSi phase to form within the microstructure, 
which replaces the needle like AlFeSi phase [Daykin, 1997]. This phase develops as a 
coarse script morphology, and is less detrimental to the mechanical properties. 
 
2.2.3 Microstructure Development 
The Al-Si base alloy is a simple binary eutectic system, in which the eutectic point is at 
temperature of 577˚C, and a composition of 11.7 wt% Si (fig. 2.1) [NIMS]. However, 
unlike in most phase diagrams, Al has virtually no solid solubility in Si at all 
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temperatures, therefore pure Si will develop instead of a β phase. Like in any other 
binary eutectic system, alloys having a composition on either side of the eutectic point 
will affect the primary phase that first develops, and this will in turn alter the properties 
of the alloy. 
 
Fig. 2.1 Phase diagram for the Al-Si alloy binary system [NIMS]. 
If the Si content of the alloy is below the eutectic composition (11.7 wt%), α-Al primary 
dendrites grow first in the melt and the Si phase that develops is predominantly the 
eutectic structure (fig. 2.2) [Daykin, 1997]. However, the morphology is greatly 
dependant on the growth process. Increasing the cooling rate tends to promote the 
development of fine fibrous Si eutectic due to isotropic growth of the Si with no 
preferred faceting [Elliot, 1983]. On the other hand, a slower cooling rate enhances the 
formation of large faceted flake Si eutectic, with growth occurring from interface ledges 
facilitated by re-entrant twin boundaries [Elliot, 1983]. In addition, chemical modifiers 
such as Na and Sr can be used to alter the eutectic morphology of Al-Si alloys. These 
impurity atoms have a size differential with Si, which causes faults and twins to develop 
during the crystal growth process [Elliot, 1983]. As a result, although the structure is 
micro-faceted, fibrous Si eutectic develops at slower cooling rates, since multiple 
twinning provides an apparent isotropic growth behaviour. Due to the slower growth 
rate, chemically modified Si eutectic is not as fine as that produced by quenching, but 
still provides improved mechanical properties [Elliot, 1983].  
Liquid + Si
Liquid
Al + Si
Al
Liquid + Al
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Fig. 2.2 Optical image showing the microstructure of a hypo-eutectic LM24 Al-Si alloy. 
The casting is dominated by flake eutectic Si particles, along with other intermetallic 
phases.  
If the Si content is increased to greater than the eutectic composition, the material 
becomes hypereutectic and develops a different microstructure (fig. 2.3). Above the 
eutectic composition, primary Si particles will form, before the eutectic Si phase, hence 
the final microstructure will consist of both the primary and eutectic Si particles 
[Edwards, 2002]. These primary Si particles tend to be large and take a rhombohedral 
morphology with {111} facets [Gupta & Ling, 1999]. 
Other phases that can be commonly found within the microstructure of Al-Si alloys 
include the Al2Cu phase, since Cu is usually added as an alloying element to improve 
mechanical properties in most Al casting alloys [Polmear, 1995]. However, unlike in 
heat treatable Al alloys, the Al2Cu particles are larger and much coarser. Several other 
intermetallic phases are also commonly present within the microstructure of Al-Si 
casting alloys, but apart from the AlFeMnSi (α) phase, most of the other intermetallics 
have a low volume fraction and are less obvious [Daykin, 1997]. Furthermore, the size 
of the eutectic cells and second phase particles are generally found to be finer within a 
hypereutectic system, in comparison to the grains presents in a hypoeutectic system. 
This is due to a general increase of alloying element(s) which promotes the nucleation 
and formation of eutectic cells rather than primary α-Al dendrites [Elliot, 1983]. 
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Fig. 2.3 Optical image showing the microstructure of a LM24 Al-Si alloy, which 
contains an extra 3 wt% Si to push the alloy to the hyper-eutectic regime. Primary Si 
can be seen along with eutectic Si particles. 
For alloys used in high temperature applications, such as automotive pistons, Ni can be 
added to improve the high temperature fatigue strength of the alloy, and having Ni 
present within the alloy results in a more complex microstructure (fig. 2.4). 
Interestingly, Al2Cu appears to be absent from the material when Ni is added and the Cu 
content is low and/or similar to that of the Ni. However, Ni promotes the formation of 
other Ni containing intermetallic phases, and in particular the Al9FeNi and Al7Cu4Ni 
phases which are stable up to high temperatures (fig. 2.4) [Daykin, 1997; Edwards, 
2002]. On the other hand, adding Ni to Al-Si alloys has no major effect on the Si phase, 
so depending on whether the system is hypoeutectic or hypereutectic, both eutectic and 
primary Si particles still develop within the alloy. 
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Fig. 2.4 Optical image showing the microstructure of a hyper-eutectic Al-Si alloy with a 
high Ni content (LM24 with an extra 3 wt% Si and 2.4 wt% Ni). High temperature 
stable Ni containing phases are formed and the primary Si particles start to cluster 
together. 
 
2.2.4 Second Phase Particles in Al-Si Piston Alloys 
Silicon 
In piston alloys, which tend to be slightly hyper-eutectic in composition, the 
morphology of the Si particles is generally found in two forms; as either primary Si 
particles, which takes a rhombohedral morphology, or the eutectic Si phase which 
develop into flakes [Daykin, 1997; Gupta & Ling, 1999]. The size of these particles is 
largely dependent on the addition of refining elements P and Na, and the cooling rate 
[Haque & Maleque, 1998]. At the surface of the material where the cooling rate is 
highest, the particles are finer than those formed deeper in the bulk of castings. These 
particles are distributed homogeneously throughout the material. However, as the 
amount of alloying elements increases, clustering of the primary Si particles can be 
observed (fig. 2.4). 
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Al2Cu (θ) 
The Al2Cu phase found in Al-Si alloys is generally much coarser than the precipitates 
observed in commercial Al-Cu alloys (2xxx series). These precipitates form by an 
additional eutectic reaction with Al, and take a lacy morphology (fig. 2.5). They vary 
greatly in size throughout the microstructure [Daykin, 1997]. It is also believed that 
much finer metastable precipitates of Al2Cu, namely GPZ, θ´, and θ´´, can be present, 
depending on the thermal history. However, since these metastable phases dissolve 
and/or coarsen rapidly at elevated temperatures during service, they are less important 
in piston applications, and so are less often discussed in related reports. 
 
Fig. 2.5 Optical image of Al2Cu (θ) eutectic after etching in 0.5% HF for 15 seconds 
[Daykin, 1997]. 
 
AlFeMnSi (α) 
Generally, the AlFeMnSi (α) phase adopts a coarse script morphology (fig. 2.6), and is 
found throughout the microstructure of commercial Al-Si alloys [Daykin, 1997; 
Edwards, 2002]. Its structure is based on the cubic ternary AlMnSi phase, but since Mn 
is extensively substituted by Fe atoms, it is therefore often referred to as a quaternary 
AlFeMnSi phase. In addition, it has been suggested that the Mn can also be replaced by 
Cu, Cr, and V [Daykin, 1997]. 
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Fig. 2.6 Optical image of AlFeMnSi (α) after etching in 0.5% HF for 15 seconds 
[Daykin, 1997]. 
 
Other Fe Containing Phases (Al9FeNi & AlFeSi) 
Al9FeNi is observed mainly in Al-Si alloys with high Ni contents (fig. 2.7a), and the 
particle count increases with increasing Ni level [Daykin, 1997]. The morphology of the 
phase is found to vary from thick plates to large flakes. The mechanism that causes the 
development of the different morphologies is still unknown, but it is said to be related to 
the composition and/or the cooling rate [Daykin, 1997]. AlFeSi is found commonly in 
large cast components (fig. 2.7b), and alloys with a high Fe to Mn ratio. Since both of 
these phases are capable of developing a plate like morphology, both of these Fe 
containing phases are considered to be deleterious to the static mechanical properties 
and fatigue properties [Stolarz et al., 2001]. Fortunately, the flake like morphology for 
Al9FeNi tends to dominate the microstructure in commercial piston alloys [Daykin, 
1997]. 
 
Fig. 2.7 Optical image of (a) Al9FeNi, and (b) AlFeSi, after etching in 0.5 % HF for 15 
seconds [Daykin, 1997]. 
 
(a) (b) 
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AlCuNi Phases (Al7Cu4Ni & Al3Ni2) 
The Al7Cu4Ni intermetallic phase is mostly found in high Cu to Ni ratio Al-Si alloys, 
but small quantities of the phase can also be observed in alloys with a similar Cu to Ni 
composition [Daykin, 1997]. On the other hand, Al3Ni2 (also referred to as Al3NiCu, 
due to the large amount of Cu that can be substituted into the crystal structure) is only 
found in alloys with a high Ni content, where excess Ni exists within the material after 
all the Fe impurities have been taken up to produce other phases [Daykin, 1997]. Both 
phases are found to develop a coarse script like morphology within the microstructure 
(fig. 2.8). The formation of these phases generally improves the high temperature 
strength of the alloy [Ye et al., 2003], and although the mechanism still requires further 
research, it has been found that alloys with higher quantities of these phases are more 
resistance to creep and stress relaxation at 350°C [Joyce, 2003]. 
 
Fig. 2.8 Optical image of (a) the Al7Cu4Ni, and (b) Al3Ni2 phase, seen after etching in 
0.5 % HF for 15 seconds [Daykin, 1997]. 
 
Al3Ni 
The Al3Ni phase is only found extensively within alloys with an extremely high Ni 
content (> 5 wt%). However, small volume fractions of the phase can also be observed 
in lower nickel content alloys [Daykin, 1997]. From this, it is suggested that the other 
Ni containing phase, such as Al9FeNi and Al7Cu4Ni, are formed in preference to the 
Al3Ni phase [Daykin, 1997; Edwards, 2002]. Al3Ni particles adopt a large plate like 
morphology (fig. 2.9), and can be up to 10 mm in diameter, where upon they become 
detrimental to the mechanical properties of the alloy. 
(a) (b) 
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Fig. 2.9 Optical image of Al3Ni after etching in 0.5 % HF for 15 seconds [Daykin, 
1997]. 
 
2.2.5 Fracture and Failure Behaviour of Al-Si Piston Alloys 
In order to optimise the performance of Al-Si based alloys to meet the increasingly 
demanding requirements of automotive pistons, it is important to understand the failure 
mechanisms that could occur during service. In particularly, the fatigue crack behaviour 
of the alloys at elevated temperature is important, since the engine operates under high 
temperatures. It have been suggested that the features which influence the initiation and 
growth of fatigue cracks in Al-Si alloys are mainly porosity [Seniw et al., 2000; Wang 
et al., 2001], hard intermetallic phases (e.g. AlFeSi) [Stolarz et al., 2001; Caton et al., 
1999], and large Si particles [Han et al., 2002; Lados & Apelian, 2004]. 
Several researchers have suggested that it is the presence of porosity within the 
microstructure that is the most detrimental towards the fatigue life of Al-Si alloys 
[Wang et al., 2001]. By reducing the volume fraction of the pores and their size, it have 
been demonstrated that fatigue life can be improved by an order of magnitude [Lee et 
al., 2003]. In other research, it has also been shown that it is not only the size of the 
pores, but the location of the porosities that is an important factor when considering 
crack initiation [Zhang et al., 1999; Seniw et al., 2000; Gao et al., 2004]. It is believed 
that having pores closer to the surface of the material resulted in the regions between the 
pores and the surface exhibiting a higher stress concentration then other locations 
around pores [Gao et al., 2004]. This therefore leads to a higher susceptibility to fatigue 
crack initiation. In addition, the maximum stress around a pore has been found to reduce 
with increasing distance from a free surface [Yi et al., 2003].  
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Materials containing large high aspect ratio second phase particles within the 
microstructure can be said to behave similarly to a discontinuous metal matrix 
composite. Load is transferred to the fibre/particles via interfacial shear stresses. 
However, the interfacial shear stress is limited by the matrix shear stress. The aspect 
ratio s* of the shortest fibre, which can be stressed to its failure strength σI* is given 
approximately by [Clyne & Withers, 1995]: 
   
   
    
 
   
   
   (Eq. 2.4) 
where τMY and σMY is the shear and tensile yield stress of the matrix, respectively. This 
suggests that short fibres/particles will rarely fracture. However, experiments by Lloyd 
have shown that fracture of SiC particles in Al does occur, and predominates when the 
particles are large [Lloyd, 1991]. Since theoretically the inclusion stress is independent 
of size, it is believed that fracture occurs when particles contain a sufficiently large 
flaw, which is statistically more likely within larger particles. 
Therefore, in the absence of detrimental porosity, the majority of fatigue crack initiation 
has been found to be caused by cracked Si particles in cast Al-Si alloys, when testing is 
conducted at ambient temperatures (fig. 2.10). These tend to be within large blocky 
primary Si particles, because they are statistically more likely to contain large flaws for 
crack initiation, compared to the eutectic Si [Joyce et al., 2003]. Cracks have also been 
seen developing from hard intermetallic phases, for example Al3(Cu,Ni)2 [Joyce et al., 
2003] and FeSiAl5 [Stolarz et al., 2001]. However, these cracks are less frequent, and 
tend to occur around particle clusters, rather than at individual particles. Similarly, at 
elevated temperatures, fatigue cracks have also been shown to predominantly initiate 
from large cracked Si particles and porosities [Joyce et al., 2003]. However, Si-matrix 
interface debonding was also observed, and becomes more dominant, in comparison to 
at lower testing temperatures, suggesting that the Si-matrix interface becoming more 
susceptible to decohesion and void generation at high temperatures. 
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Fig. 2.10 Example optical micrograph of a fatigue crack initiating from cracked primary 
Si particles within Al-Si alloys [Joyce et al., 2003]. 
Once a crack is initiated, the fatigue life of the material is then determined by the 
growth behaviour of the cracks. It has been found that depending on the magnitude of 
the stress intensity factor, ΔK, the influence of Si particles on crack growth behaviour 
changes in piston alloys [Chan et al., 2003; Moffat et al., 2005]. At low ΔK levels, 
crack propagation appears to be dominated by intra-dendritic paths running along 
boundaries. Primary Si particles and intermetallics act as microstructural barriers, and 
cause cracks to deflect and debond along their interface, hence reducing the fatigue 
crack growth rate of the material [Shiozawa et al., 1997, Joyce et al., 2003]. However, 
occasionally when the cracks encounter brittle second phase particles, cracks propagate 
through these particles instead. Interestingly, eutectic Si seems to have very little effect 
on the crack growth behaviour. On the other hand, crack growth was found to be 
controlled by inter-dendritic networks at high ΔK values [Moffat et al., 2005]. It is 
believed that Si particles tend to fail ahead of the crack, generating weak paths for 
propagation and therefore cracks are often deflected toward such particles (fig. 2.11a) 
[Moffat et al., 2005]. As a result, Al-Si alloys with a high content of large primary Si 
particles tend to show worse performance at ambient temperature in comparison to 
alloys with a lower Si content. On the other hand, the toughness of piston alloys has 
been found to increase at elevated temperature, due to the promotion of interfacial 
debonding, which causes the crack path to deflect (fig. 2.11b) [Moffat et al., 2005]. 
Furthermore, it has been observed that Si particles that lie along the crack path were 
generally larger than average [Joyce et al., 2003; Han et al., 2002], suggesting that the 
size of the Si particles is important in controlling crack initiation and propagation within 
these alloys. 
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Fig. 2.11 Optical micrograph showing (a) crack propagation through cracked Si 
particles, and (b) crack debonding along Al-Si interfaces [Moffat et al., 2005]. 
 
2.3 Friction Stir Welding (FSW) 
Friction Stir Welding (FSW) was developed by Wayne Thomas of The Welding 
Institute (TWI) in 1991, and has since become rapidly established as an important new 
joining technique for Al alloys. This is because joints produced by FSW are superior to 
those produced by other conventional welding processes. With fusion welding, joints 
are produced by the generation of a localised melt pool using an intense heat source. 
However, this process is very difficult for Al alloys because they have a high thermal 
conductivity. In addition, as the heat source advances along the joint line, 
resolidification of the melt pool tends to develop a coarse solidification microstructure 
with columnar or stray grains (elongated grains), and this results in poor mechanical 
properties [Vitek et al., 1997; 2003; 2005]. Furthermore, melting and resolidification of 
many Al alloys can result in liquation or solidification cracking, leading to defective 
joints. 
Friction stir welding is a solid state joining technique, which avoids many of these 
issues. In FSW, a rotating tool is plunged into the joint line under pressure (fig. 2.12). 
Due to frictional heat generation, the temperature of the metal will be raised to a range 
at which the material becomes readily plastically deformed. As the tool advances along 
the joint line, the material around the tool is locally ‘mixed’ together to create the joint. 
However, due to the high heat generation and large plastic deformation, the resulting 
microstructure across the weld is altered from its original state [Colegrave & Shercliff, 
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2003; Su et al., 2003; Genevois et al., 2005; Cabibbo et al., 2007; Barcellona et al., 
2006; Dumont et al., 2006]. 
 
Fig. 2.12 An illustration of the FSW process [Colegrave & Shercliff, 2003]. 
 
2.3.1 Microstructure Development 
During welding, the microstructure of the original material will be altered, and this will 
in turn cause changes to the mechanical properties across the weld. These changes can 
be divided into three major zones, shown in fig. 2.13 [Su et al., 2003; Genevois et al., 
2005; Cabibbo et al., 2007]. At the centre of the weld, closest to the tool shoulder and 
the pin is the Dynamically Recrystallised Zone (DRZ) or Processed Zone (PZ). In this 
region, the large deformation and frictional heat input causes complete recrystallistion 
to occur, resulting in a very fine grain structure. Next to the DRZ is the Thermo-
Mechanically Affected Zone (TMAZ), and although the degree of plastic deformation 
and thermal effect in this region is less than that in the DRZ, and it does not cause 
recrystallisation, it is still sufficient to cause a large alteration to the microstructure. 
Outside the TMAZ is the Heat Affected Zone (HAZ), and unlike the DRZ and TMAZ, 
the material in this zone is only affected by the heat generated during welding. Finally, 
furthest away from the weld, the alloy remains unaffected by the welding process. 
Therefore, the microstructure of the parent material is retained. Note that it is very 
difficult to estimate the size of each individual zone. This is because the microstructure 
of the weld is dependent on many factors, and these include the tool design, welding 
parameters, and the properties of the welded alloy [Kwon et al., 2003; Peel, 2005]. 
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Fig. 2.13 Optical micrograph of a typical friction stir weld region. Note that only half of 
the microstructure is shown. 
 
2.3.2 The Effects of FSW on Heat Treatable Alloys 
The microstructure of the HAZ in FSW is relatively similar to that of the parent, and the 
dislocation densities within the grains will be unaltered [Genevois et al., 2005]. 
However, in heat treatable alloys, precipitate coarsening can be observed, and the effect 
is greatest as the material gets closer to the centre of the weld. This is due to the fact that 
a higher peak temperature will be reached by the material closest to the welding tool, 
therefore inducing a higher atomic diffusion rate. The coarsening of the prior age 
hardening precipitates generally causes the material to soften within this region (fig. 
2.16) [Dumont et al., 2006; Etter et al., 2007]. If a heat treatable alloy is welded in the 
T3 temper condition, the initial hardening mechanism in the microstructure is purely 
due to GPZs and solute clusters. A moderate rise in temperature during welding near the 
edge of the HAZ can therefore promote artificial ageing and the formation of a larger 
volume fraction of stronger metastable phases. A small increase in hardness may thus 
be observed at the edge of the HAZ (fig. 2.17). 
During welding, the frictional heat generated within the TMAZ is relatively high, and in 
most cases, the solvus temperature of the metastable transition phases in the material 
can be reached nearer to the weld centre. Therefore, in heat treatable alloys containing 
second phase particles, small metastable strengthening phases can dissolve back into 
solid solution, or transform within the HAZ and TMAZ, which can cause over ageing 
by nucleation of coarser equilibrium phase. Re-precipitation can also occur after the 
welding process. In addition, the material in the TMAZ also experiences plastic 
deformation, hence the microstructure and the mechanical properties of the alloy are 
subjected to a greater changes than the material within the HAZ. Coarsening and 
transformation of the precipitates, as well as partial dissolution, will cause the hardness 
to decrease [Dumont et al., 2006]. Unlike the HAZ, the hardness of the material within 
the TMAZ is highest closer to the DRZ, as a result of a greater degree of particle 
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dissolution nearer to the weld centre, which can then lead to larger volume of GPZ re-
precipitation. 
In some literature, the TMAZ is subdivided into two regions [Su et al., 2003; Dumont et 
al., 2006]. Firstly, closer to the HAZ is the TMAZ(I). The microstructure in this region 
contains a high dislocation density within the grains, with partially recovered networks. 
Within heat treatable alloys, coarsened precipitates can be observed, and they are 
inhomogeneously distributed inside the grains but closely spaced on the grain 
boundaries. However, regions of finer and more homogeneous precipitates can also be 
found, which result from nucleation on sub-grain boundaries and dislocations during 
over ageing. Other authors have also noted re-precipitation to occur on dislocations 
during low post weld cooling at low welding speeds [Su et al., 2003]. 
 
Fig. 2.14 SEM image from the TMAZ of a 7050 Al alloy. Second phase precipitates 
have been observed to develop predominantly along sub-grain boundaries within some 
of the higher dislocation recovery grains. 
In comparison, the microstructure of the TMAZ(II) has been reported to show a higher 
degree of dislocation recovery, and a larger number of sub-grain boundaries [Su et al., 
2003]. Each sub-grain encloses a volume of low dislocation density, and is equiaxed in 
shape. The peak temperatures reached within the TMAZ(II) during welding are greater 
than the temperatures within the TMAZ(I), therefore the  original precipitates within the 
microstructure can be completely dissolved. The material may then re-precipitate after 
welding, and the resulting precipitates are finer than their initial state [Dumont et al., 
2006]. The distribution of the precipitates remains relatively inhomogeneous due to 
heterogeneous nucleation along the sub-grain and grain boundaries. However, this is 
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very dependent on the heat input and welding speed which influence the thermal cycle 
experienced locally by the material. 
The DRZ is subjected to the highest temperature thermal cycles and severe plastic 
deformation during welding, therefore the microstructure is forced to fully recrystallise 
[Su et al., 2003]. The resulting grains after welding are very fine, typically ~2-6 μm, 
and equiaxed. However, dislocations can still be observed within these grains, which 
suggests that plastic deformation and recovery continues to occur after the 
recrystallisation process. The dislocation densities of the new grains are found to vary 
largely from one grain to another, independent of the position within the microstructure. 
Initially after welding, the hardness within the DRZ will be relatively low, due to a 
decrease in precipitation density, because of the high temperature in this region, which 
dissolves most precipitates back into solid solution. However, by allowing the weld to 
naturally age after welding, re-precipitation of Guinier-Preston Zones (GPZs) will 
increase the hardness of the DRZ [Dumont et al., 2006]. Even when natural ageing is 
stabilised, the hardness within the DRZ will typically remain lower than that of the 
parent material (fig. 2.16 & fig. 2.17). This is because within the original T6/T7 
tempered alloy, the microstructure is dominated by the strengthening precipitation 
phases, but these are replaced by the softer GPZs after welding. 
 
Fig. 2.15 SEM image from the DRZ of a 7050 Al alloy. The grains have been refined, 
and large second phase particles remain mainly on the grain boundaries. 
During welding, the material within the DRZ will be subjected to the greatest plastic 
deformation (strains far greater than 100 have been predicted) [Colegrove et al, 2004iii; 
2007] and the highest temperature. Hence, any existing precipitates within a heat 
treatable alloy will typically re-dissolve back into solid solution. This generates a super-
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saturated solid solution, and if the cooling rate is low, some re-precipitation can then 
occur as the material is cooled from the welding process. Note; the volume fraction of 
precipitates which is re-solutionised will depend on the welding parameters and the 
welding temperature. It has also been found that the distribution of the newly formed 
precipitates is strongly dependent on the dislocation density of the recystallised grains 
[Su et al., 2003]. This is because dislocations and sub-grain boundaries acts as 
heterogeneous nucleation sites, so second phase particles will form predominantly at 
these locations. Within the low dislocation density grains, the precipitation densities 
will be reduced. However, greater amounts of precipitates can be observed within the 
high dislocation density grains, which are dispersed more uniformly. 
 
Fig. 2.16 Microhardness profiles across a friction stir weld of 7449 T7 Al alloy for two 
different welding speeds [Dumont et al., 2006]. 
 
Fig. 2.17 Microhardness profiles across a friction stir weld of 7449 T3 Al alloy with 
two different welding speeds [Dumont et al., 2006]. 
Original Hardness 
Original Hardness 
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2.3.3 The Effects of FSW on Non-Heat Treatable Alloys 
For a non-heat treatable alloy, very little changes to the microstructure can be observed 
in the HAZ. This is particularly true if the material is annealed before welding, as little 
will occur and they will show little evidence of a HAZ, or remain in a similar condition 
to the parent material [Etter et al., 2007]. In this case, changes within the TMAZ and 
DRZ are predominantly caused by the deformation experienced during FSW. Within the 
TMAZ, grains are sheared, and large numbers of dislocations are induced into the 
microstructure, and the effect is greatest closest to the centre of the weld. Furthermore, 
the DRZ is subjected to severe plastic deformation, causing the microstructure to 
recrystallise and refine. Due to these changes to the microstructure, the hardness of the 
TMAZ and DRZ are usually increased slightly after FSW (fig. 2.18) [Etter et al., 2007]. 
On the other hand, if the material was welded in a strained hardened state (H-temper), 
then the microstructure throughout the weld has the potential to recover and recrystallise 
[Etter et al., 2007], as a result of the increase in temperature during welding. In general, 
this has been found to reduce the hardness of the material from its cold worked 
condition (fig. 2.18). Note; in this case, even though the grains are refined within the 
DRZ, the softening effect caused by dislocation recovery generally has a greater 
influence on the mechanical properties. 
 
Fig. 2.18 Microhardness values across 5251 Al alloy friction stir welds in an H13 and 
annealed ‘O’ temper [Etter et al., 2007]. 
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2.4 Friction Stir Processing 
Based on the concept of FSW, a new processing technique, Friction Stir Processing 
(FSP) has been developed and increasingly investigated over recent years. The concept 
behind FSP is to use the severe deformation in the FSW process to refine the grain 
structure and second phase particles within a material. This is desirable because 
ultrafine grain (UFG) structures are expected to exhibit superior mechanical properties 
[Markushev et al., 1997; Valiev et al., 2000; Zhao et al., 2004]. Therefore, the 
generation of the DRZ is a key aspect of this processing method.  
In general, an UFG structure can be produced by any severe plastic deformation (SPD) 
processes [Valiev et al., 1993; 2000; Saito et al., 1999; Wu et al., 2002]. These include 
rolling, extrusion, and equal channel angular pressing methods. Unfortunately, the use 
of these techniques for generating UFG in structural applications is limited. This is 
because, SPD is only suitable for the processing of ‘ductile metals and alloys that 
initially exhibit low to moderate strength’ [Valiev et al., 2000]. In addition, these 
processing techniques are difficult to apply to large mass structural applications, 
because of the cost and size of machines that are required. 
FSP appears to overcome some of these problems and has great potential for locally 
processing surface regions of components [Kwon et al., 2002; 2003; Rhodes et al., 
2003]. During FSP, the material within the processed region is locally raised to elevated 
temperatures, and this allows severe plastic deformation to readily take place. Many 
investigations have also looked into the possibility of using FSP to produce large 
volumes of UFG structure in a single sample by carrying out multiple-pass processing, 
and the results from this research has demonstrated the feasibility of this approach [Ma 
et al., 2006ii; Johannes & Mishra, 2007ii]. However, a better application of the FSP 
technique is to exploit its ability to surface modify components, where enhanced 
properties are required. There are many different variables and parameters that need to 
be considered for FSP, but ideally with carefully selected processing parameters, the 
microstructure of the material can be controlled so that the required properties can be 
obtained. 
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2.4.1 Tool Design 
The tool design is a very important factor in FSP. By using a carefully designed tool 
piece, the quality of the weld, or processed track, can be improved and productivity can 
be increased. There are several features that could be altered. A typical friction stir tool 
consists of two major parts, which are the tool shoulder and the tool pin. The key 
function of the tool shoulder is to constrain the material under the tool so that it is not 
lost as flash. The shoulder also generates the majority of the heat required to raise the 
temperature of the material so that it can be readily plasticised. The primary role of the 
tool pin is to act as a ‘mini’ solid state extrusion pump, in order to transport material up 
and down the PZ, and around the pin. Furthermore, the pin also helps to break up and 
disperse large particles, oxides or impurities contained within the material.  
Many developments and changes have been made in the design of the pin and shoulder, 
and each individual design is believed to vary the function slightly (e.g. fig. 2.19) [Peel, 
2005]. The most common, and also first to be used, was the ‘Whorl’ pin design [Mishra 
& Ma, 2005]. In this case, the shape of the pin is either cylindrical or tapered, with a 
thread running on the surface. Furthermore, the pins can sometime show re-entrant 
features, or threads with varying pitches. These features are believed to improve the 
downward flow of material, and hence optimise the quality of the weld. 
 
Fig. 2.19 Images of typical FSW tools with (a) Trivex, and (b) MX-Trivex pin designs 
[Kumar & Kailas, 2007]. 
Another commonly used pin geometry is the ‘Trivex’ design, and instead of a 
cylindrical or tapered pin, the probe of the trivex design is more triangular in shape. 
Having flats on the pin has been found to help reduce the forces acting on the tool 
during processing [Beamish & Russell, 2010], therefore reducing the risk of damaging 
the tool or the machine [Thomas et al., 2001]. As a result, welding and processing of 
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materials with a thicker section is increasingly being carried out using trivex tools 
[Thomas et al., 2003]. In addition to the flats, threads can be introduced to the pin and 
this is believed to assist in the break-up of large second phase particles within the 
material. Hence, the resulting microstructure will contain a finer particle dispersion, and 
the properties of the material after processing will be enhanced. 
The ‘Triflute’ design (fig. 2.20) is also increasingly being investigated and used [Ding 
& Oelgoetz, 1999]. Compared to the whorl and trivex pins, the triflute design is slightly 
more complex. In simple terms, the design consists of a tapered and threaded pin with 
three rotating re-entrant flutes. These features are believed to increase material 
movement around the pin, and hence assist the distribution of heat and oxide break up 
[Beamish & Russell, 2010]. 
 
Fig. 2.20 Schematic diagram of a ‘Triflute’ tool design [Thomas et al., 2001]. 
Many researchers have looked into other possible pin designs, but most have not been 
as successful, or are less common. However, a particularly interesting design which has 
been investigated by NASA, consists of a retractable pin feature, which enables the 
probe to alter its length during processing [Dawes et al., 1999]. This means that the 
processing depth can be easily controlled throughout operation, or the pin can be slowly 
retracted and fully withdraw at the final exit position, to prevent an exit hole being 
generated in the material. This is especially important when material waste needs to be 
kept to a minimum for efficiency purposes. 
In addition, changes can also be made to the shoulder design to optimise the process. 
Scrolls or grooves are usually featured on the shoulder, when the process is carried out 
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with an un-tilted tool. This is believed to reduce flash and increase the movement of 
material around the tool near the surface of the weld, therefore enhancing the generation 
of an UFG structure [Dawes et al., 1999]. However, when the tool is tilted, the concave 
shoulder design tends to be used. This feature acts as an escape volume to prevent 
materials extruding out from the side of the shoulder during FSP, and therefore 
maintains downward pressure onto the material to ensure good forging and prevent 
defects from developing [Dawes et al., 1999]. 
 
2.4.2 Tilt and Plunge Depth 
As mentioned briefly above, alterations can also be made to both the plunge depth and 
tilt angle. Both of these parameters are critical to the processing quality, and need to be 
carefully considered with the tool design. The plunge depth is the distance which the 
lowest surface of the shoulder is plunged into the surface of the material being 
processed. This is necessary to generate pressure below the tool so that the material at 
the rear of the tool can be sufficiently ‘forged’ [Leonard & Lockyer, 2003]. An 
insufficient plunge depth can result in an inaccurate welding or processing depth, or 
even the development of voids within the material. On the other hand, too high a plunge 
depth can cause contact and rubbing between the backing plate and the pin, which could 
damage the tool. Furthermore, large amounts of flash will be generated with too high a 
plunge depth, and this could then result in a large thickness mismatch between the 
processed zone and the base material [Mishra & Ma, 2005].  
In addition, a slight tilt can also be applied to the tool by angling the tool by 2-4˚, so that 
the front of the tool is higher than the back. This is believed to aid the forging at the rear 
of the tool and improves the quality of the process [Threadgill, 1999]. However, with 
the tool being at an angle, the surface contact between the material and the shoulder of 
the tool will be reduced, therefore reducing the heat input. As a result, the tilt angle is 
usually set no greater than 4˚, and a plunge depth of 0.2-0.3 mm is applied to increase 
the area of contact. 
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2.4.3 Transverse and Rotational Speed 
In order to achieve a successful FSP, the transverse speed and the rotational speed of the 
tool will also need to be carefully selected. During processing, the material around the 
tool will have to be locally raised to a temperature range in which severe plastic 
deformation can readily occur, and at the same time minimising the forces acting on the 
tool.  
In general, the heat input to the work piece increases with higher rotation speed or 
decreasing transverse speed [Peel, 2005]. Insufficient heat generation can cause voids 
and defects to develop within the stir zone, and the friction stir tool can also be damaged 
under high processing forces. On the other hand, too high a temperature can cause the 
surface layer of the material to melt, and this can also lead to the generation of voids, or 
affect the microstructure by re-solidification [Peel, 2005]. These factors are detrimental 
to the quality of the material; hence the processing parameters must be selected within 
the ‘processing window’ if a high quality weld is to be obtained (fig. 2.21) [Peel, 2005]. 
Unfortunately, the processing window varies from alloy to alloy. Therefore, the possible 
processing parameters can be further restricted when two dissimilar materials are being 
welded. 
 
Fig. 2.21 Diagrams showing the concept of (a) the ‘processing window’ for FSW, and 
(b) the overlapping of a processing window for welding dissimilar alloys [Peel, 2005]. 
In order to simplify the effects of the two processing parameters, several authors have 
related the rotation speed and transverse speed into a single factor [Reynold et al., 2000; 
Colegrove et al., 2003; Liu et al., 2003; Peel, 2005]. This is referred to as the pitch, and 
is either defined as the number of rotations per unit length (i.e. mm) travelled by the 
tool, or vice versa. 
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              (Eq. 2.5) 
 
2.5 Heat Generation 
The microstructure and mechanical properties of a material after FSP are greatly 
influenced by the thermal history of the process. This is especially important for heat 
treatable alloys, since second phase precipitates can dissolve back into solid solution 
and over ageing can occur [Hannan et al., 2003, Kamp et al., 2006].  In addition, if the 
processing temperature is too low, or too high, defects and flaws can also develop 
within the processed zone. Therefore, in order to optimise the microstructure of the 
processed zone, the maximum temperature within the deformation zone during FSP 
should be in the range of 450-500 °C for most Al alloys [Colegrove et al., 2000; 2007]. 
Under such condition, the material remains in the solid state, but becomes readily 
plasticised. Hence, it is important to understand how heat is generated during FSP and 
to be able to select the correct processing parameters to optimise the process.  
When two surfaces in contact are moved against each other, a shear stress will develop 
at the interface. This can be described using Coulomb’s law of friction [Dieter, 1986; 
Hutchings, 1992], where μ is the friction coefficient and P is the pressure exerted 
normal to the interface: 
               (Eq. 2.6) 
For most metal-to-metal interfaces, under normal sliding conditions, the friction 
coefficient is reported to be in the range of 0.2-1 [Hutchings, 1992]. However, analysis 
of rotary friction welds of carbon steel [Vill, 1962] have shown that the friction 
coefficient can also be influenced by other factors such as: 
i) The relative speed of the two frictional surfaces 
ii) The temperature of the contact surfaces 
iii) The normal pressure being exerted 
iv) The properties of the material, and the presence of oxide films 
During FSP, heat is generated from a combination of frictional forces between the tool 
shoulder and the work piece, and dissipation of energy caused by the flow of metal 
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surrounding the tool pin [Chao & Qi, 1999]. The heat generated by these mechanisms is 
very complex and still not fully understood. However, friction is usually simplified as 
giving either a sticking or sliding condition in most literature [Colegrove et al., 2000; 
Schmidt et al., 2004]. Therefore, the heat generation q for an incremental surface area 
dA at a radius r can be expressed as [Colegrove et al., 2000]:  
              (Sliding)   (Eq. 2.7) 
              (Sticking)   (Eq. 2.8) 
where ω is the rotational speed of the tool, and τ is the interfacial shear strength. 
Integrating the two equations across the radius of the shoulder will give the total heat 
generated by the shoulder, where Rshoulder is the radius of the shoulder, and Rpin is the 
radius of the pin [Frigaard et al., 1998; Russell & Shercliff, 1999]: 
        
 
 
              
      
      (Sliding)   (Eq. 2.9) 
       
 
 
             
      
       (Sticking)   (Eq. 2.10) 
Unfortunately, direct thermal measurements within the stir zone are very difficulty 
during FSP, due to the severe plastic deformation. An increasingly used method for 
measuring the temperature within the PZ is to insert thermocouples into the pin of the 
tool [Swaminathan et al., 2010]. The resulting thermal measurement do not provide the 
temperature profile, as a functional of position within the stir zone, but only an overall 
averaged temperature throughout the whole of the stir zone. Further to this, computer 
models have also been developed to calculate and predict the processing temperature. 
These models are usually calibrated using measurements from thermocouples placed at 
known positions away from the stir zone. Frigarrd et al. have modelled FSW for the 
6xxx and 7xxx series Al alloys, and introduced a variable friction parameter to simulate 
interfacial melting that would develop at high temperatures, and reduce the heat input 
[Frigaard et al., 1998]. On the other hand, Russell and Shercliff used the shear strength 
as a changeable parameter with typical values of 5% of the room temperature shear 
yield stress at the tool surface [Russell & Shercliff, 1999].  
Following from eq. 2.9 and eq. 2.10, the heat flux into the work piece during FSP, as a 
function of distance away from the weld line r, can be calculated using two equations 
[Chao & Qi, 1999], which define a circular surface area and a cylindrical volume flux, 
corresponding to the shoulder and the pin respectively. 
64 
 
     
        
                    
   (Eq. 2.11) 
The equation for shoulder flux takes into account the increase in velocity towards the 
edge of the shoulder, hence the flux is higher with increasing radius. 
     
      
          
   (Eq. 2.12) 
The pin flux is not radius dependent, and is therefore uniform with depth for a simple 
cylindrical pin. 
Due to the highly conductive nature of aluminium [Shi et al., 1995], any heat 
redistribution caused by the convective flow of metal surrounding the heat sources is 
usually assumed to be zero within these models. Heat loss from the weld is influenced 
by the environment, clamping, and the base anvil, and is normally modelled by 
introducing film conduction conditions onto the surface of the model plate to simulate 
the extraction of thermal energy away from the work piece [Schmidt et al., 2005ii; 
Colegrove et al., 2007; Catchpole, 2008]. 
Schmidt et al. have considered the effects of sticking and sliding conditions in their 
model, and believe that the behaviour at the interface during FSW is actually 
somewhere in between these two conditions [Schmidt et al., 2004; 2005i]. As a result, a 
contact state variable δ was introduced, which describes the fractional contributions. 
Therefore, the total power is the sum of the power components due to sliding Qsliding and 
sticking Qstick [Schmidt et al., 2004; 2005i]: 
                                   (Eq. 2.13) 
In fig. 2.22a, the modelling results produced by Colegrove et al. for a 2024 weld, with 
processing parameters 800 RPM and 400 mm min
-1
, has been compared against 
experimentally measured data, at distances y (mm) away from the weld, showing very 
good agreement [Colegrove et al., 2007]. However, the level of agreement between the 
model and experimental thermal cycles varied somewhat for different welding 
parameters and alloys (fig. 2.22b), with positive values indicating an over-predicted 
temperature by the model, while negative values represent an under-predicted 
temperature by the model [Colegrove et al., 2007]. Results can also be produced in 2-
dimentions (fig. 2.23a) and/or 3-dimentions (fig 2.23b) temperature contour plots 
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surrounding the tool. Generally, a maximum peak temperature of 400-500 °C has been 
predicted in Al alloys [Colegrove et al., 2007]. 
 
Fig. 2.22 (a) Comparison between model and experimental results for a 2024 weld 
processed at 800 RPM and 400 mm min
-1
: thick lines are model results and thin lines 
are experimental results. (b) Peak temperature difference between model and 
experimental measurements, 10 mm from centre of tool [Colegrove et al., 2007]. 
The thermal history experienced during FSW is greatly influenced by the physical 
properties of the material, and the processing parameters [Colegrove et al., 2003; 2007; 
Mishra & Ma, 2005]. For an alloy with a high thermal conductivity, the peak 
temperature within the PZ is generally lower in comparison to an alloy with a low 
thermal conductivity, because the material is more difficult to heat up. Reducing the 
rotation rate and/or increasing the transverse speed also reduces the temperature 
experienced during welding, whereas increasing the rotation rate and/or reducing the 
transverse speed increases the processing temperature [Colegrove et al., 2003; 2007]. 
Furthermore, the heat produced by the tool has been found to become more localised 
around the tool as the transverse speed increases [Colegrove et al., 2003]. The thermal 
field around the tool changes from a circular profile, developed while the tool rotates at 
a stationary position on the surface of the material, to becoming more elongated and 
elliptical, as the tool starts to move across the surface.  
Similar to that of aluminium alloys, the peak temperatures reached during FSW/FSP of 
magnesium alloys is typically 450-500 °C [Zhang et al., 2005; Xie et al., 2007; 
Commin et al., 2009]. However, in order to produce high quality welds in other high 
melting temperature materials, such as bronzes and steel alloys, the processing 
temperatures can reach up to 900-1000 °C [Oh-ishi & McNelly, 2004; 2005], and 900-
1200 °C [Thomas et al., 1999; Park et al., 2003; Nandan et al., 2007] respectively. 
(a) (b) 
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Fig. 2.23 (a) 2-dimentional and (b) 3-dimentional temperature contour plots, 
surrounding the shoulder and the pin, in translating thermal model [Colegrove et al., 
2007]. 
 
2.6 Material Flow 
During FSP, the movement of material caused by the rotating tool plays an important 
role in determining the microstructure of the DRZ. However, the whole deformation 
process is very complex, and the way which material moves around the shoulder and the 
pin is still not fully understood. Fig. 2.12 shows a schematic drawing of the process. 
During operation, the rotating tool is plunged into the workpiece, and the tool then 
advances through the material with a transverse motion. Because the tool rotates as it 
travels across the sample, material on either side of tool will behave differently 
[Colligan, 1999; Reynold, 2000]. This is because on the one side, the general rotation 
path and the transverse direction of the tool will be moving in the opposite direction 
relative to each other, whereas on the opposite side, the rotation and the travelling 
direction will appear to be moving in the same direction. The two sides of the tool are 
thus known as the ‘retreating side’ and the ‘advancing side’, respectively (the position 
of the two sides depend on the transverse direction and whether the tool is spinning 
clockwise or anticlockwise). It is obvious that due to the differences in relative motion 
of the tool, material flow on either sides of the tool will behave differently. 
To date, the metal flow phenomenon caused by the rotating tool during FSP has been 
investigated by many different experimental methods, and these include practical flow 
visualisation techniques and numerical analysis modelling [Colligan, 1999; Reynold, 
2000; Seidel & Reynold, 2000; Xu et al., 2001; Sutton et al., 2002; Krishnan, 2002; 
(a) (b) 
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Colegrove & Shercliff, 2004i; 2004ii; 2004iii; 2005; Hamilton et al., 2007; Kumar, 
2007]. Most of these investigations have suggested that the generation of the DRZ is 
governed by an extrusion process, with the shoulder, the pin, the backing plate, and the 
cold base material effectively acting as an extrusion chamber [Reynold, 2000; Seidel & 
Reynold, 2000]. 
 
2.6.1 Flow Visualisation 
Numerous flow visualisation experiments have been used to investigate the flow of 
material during FSP. With these techniques, a dissimilar material is introduced to the 
workpiece at precise locations, and by tracing the position of the markers after 
processing, it will give an indication as to how the material has moved (an example is 
given in fig. 2.24). Many different marking materials have been used in the past, such 
as; Al alloys of a different series to that of the base material, Cu foils, small steel shots, 
and tungsten wires [Colligan, 1999; Reynold, 2000; Seidel & Reynold, 2000; Krishnan, 
2002]. From these results (fig. 2.25), the flow of material during FSP was found to take 
the following actions. Firstly, the material on the advancing side has been observed to 
travel around the rotating pin [Reynold, 2000]. The material travels a long distance 
around the retreating edge before being finally deposited behind its original position. 
Hence, the material behind the tool on the advancing side is highly deformed. In 
contrast, the material on the retreating side will be extruded from the front of the tool to 
the rear without rotating round the tool, and ends up close to its original position behind 
the pin. The material on the retreating side thus moves only a short distance, and 
therefore experiences a lower level of deformation [Reynold, 2000; Seidel & Reynold, 
2001]. It have also been noted that this movement of material from the tool front to its 
rear is limited to one pin diameter behind the initial position of the material only. 
Interestingly, it has been observed that mixing and stirring between the material on the 
advancing and retreating sides rarely occurs in the bulk where the pin dominates flow, 
but appears to take place largely at the surface of the workpiece under the shoulder 
[Colligan, 1999]. This is because the surface material moves predominantly via the 
influence of the shoulder, rather than the threaded pin. However, the accuracy of some 
of these results had been questioned. The main problem being that dissimilar marker 
materials are likely to have different mechanical properties to the base material. 
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Therefore, the flow behaviour of the markers cannot be considered as a totally accurate 
way to capture the parent material flow during FSP [Colligan, 1999]. 
 
Fig. 2.24 Schematic drawing of the marker inserts (a) side view, and (b) plane view 
[Reynold, 2000]. 
The development of bands within the recrystallised microstructure can also be explained 
using the asymmetric extrusion theory. Banding observed within the processed zone can 
be from alternating layers of high particle density and low particle density regions 
[Sutton et al., 2002], which are often referred as ‘onion rings’ (fig. 2.26). Investigations 
of the formation of these rings have suggested that bands of particle rich and particle 
poor layers are generated due to the effect of the material being extruded from the 
surface of the sample and down into the centre of the workpiece [Sutton et al., 2002]. 
Using flow visualisation techniques, it has been found that the matrix material making 
up the particle rich and particle poor layers are dominated by material originating from 
the surface and the bulk of the workpiece, respectively [Colligan, 1999]. The driving 
force for the whole process is generated by the rotation of the threaded pin. 
 
Fig. 2.25 Composite images of marker material sectioned from (a) 7.8 mm, (b) 4.1 mm, 
and (c) 2 mm above base of weld [Reynold, 2000].  
(a) (b) (c) 
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Fig. 2.26 SEM image of the banded microstructure developed within the friction stir 
processed region from plain view [Sutton et al., 2002]. 
However, there are disagreements in literature as to which side the material near the 
surface is initially extruded down into the process zone. In some research, the 
development of ‘tails’ have been observed in the microstructure on the retreating side 
(fig. 2.27) [Hamilton et al., 2007], therefore it has been suggested that material from the 
surface is initially dragged into the centre of the workpiece from the retreating side. On 
the other hand, others have proposed that it is the material on the advancing side that 
experiences a downward motion during FSP rather than the retreating side, and instead, 
material on the retreating side is forced upward by the backing plate [Reynold, 2000; 
Seidel & Reynold, 2000]. 
 
Fig. 2.27 Representative optical micrograph of flow rings within the DRZ from a 
friction stir weld. A ‘tail’ can be clearly seen on the retreating side [Hamilton et al., 
2007]. 
Further evidence supporting the extrusion theory, is that the spacing between the bands 
has been found to be related to the distance advanced by the tool per revolution 
[Krishnan, 2002]. i.e. by increasing the travelling distance of the tool per rotation, the 
separation between the bands also increases. Therefore, it is believed that by decreasing 
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the distance the tool travels per revolution (the pitch), the band separation will be 
reduced and the resulting microstructure will be more homogeneous. However, making 
changes to the rotation and transverse speed of the process can have a knock-on effect 
on other processing conditions. For example, it could alter the amount of frictional heat 
generated, which could in turn change the material flow behaviour. Plus, the processing 
parameters must also be selected within the ‘processing window’. 
 
2.6.2 Material Flow Modelling 
In order to verify the accuracy of the theories proposed from practical experiments, and 
to be able to predict the development of microstructure in FSW, many computer models 
have been produced to simulate the flow process [Xu et al., 2001; Colegrove & 
Shercliff, 2004i; 2004ii; 2004iii; 2005; Kumar, 2007]. 
In early finite element models, the flow of material around the pin was mostly studied in 
a 2-dimentional plane. Xu et al. produced two such models with a ‘slipping interface’ 
and ‘frictional contact’ [Xu et al., 2001]. In the slipping interface model, the material at 
the interface between the pin and the plate is judged to be moving with an angular 
velocity that is lower than the rotational speed of the pin. On the other hand, the 
frictional contact model uses the Coulomb law with a friction coefficient μ, and material 
at the interface is sheared by the rotating pin and moves with an angular velocity the 
same as the tool. Interestingly, the results obtained from these models have suggested 
that the interaction between the pin and the base material is mostly a slipping interface. 
Colegrove and Shercliff later modelled the flow of material around profiled pins using a 
Computational Fluid Dynamic (CFD) package, Fluent [Colegrove & Shercliff, 2004i; 
2004iii]. Similarly, ‘slip’ and ‘stick’ models were investigated, and results were found 
to match very well with various flow visualisation experiments. For example, the 
deformation region on the advancing edge was identified as being greater on the 
retreating side of the pin than the advancing side, and this agreed well with many 
experimental results. However, a key finding of this work was that the slip model was 
able to predict changes in material flow caused by different pin profiles, which were not 
observed from the conventional stick model. 
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Fig. 2.28 Streamline flow diagrams produced by the CFD package using (a) stick, and 
(b) slip model [Colegrove & Shercliff, 2004iii]. 
Interestingly, the boundaries dividing the DRZ and the TMAZ tend to be less defined on 
the retreating edge, compared to the advancing edge. This observation can be explained 
using the streamline plots generated by the CFD model. From fig. 2.28, it is possible to 
see that material on the advancing side of the tool travels a longer distance round the pin 
and experiences heavy deformation, hence the material becomes fully recrystallised and 
shows a clear difference between the new and the old grains. On the other hand, 
material on the retreating edge is only deformed by small amounts. Therefore, the 
boundary is more gradual and consists of grains that are sheared and elongated rather 
than recrystallised.  
Advancing from the 2-dimensional CFD model, Colegrove and Shercliff developed a 3-
dimentional model to simulate the flow of material round a threaded pin during FSW. 
The model relied largely on the stick model, and defines the material around the stir 
zone into two types [Colegrove & Shercliff, 2004ii; 2005]. Firstly, ‘there is the fluid 
region where both the momentum and heat equations are solved’ [Sutton et al., 2002]. 
Then, there is also the solid region which applies to material that is either a solid, or 
where material movement is sufficiently small and the momentum equation can be 
neglected. Hence, the model takes into account the generation and dissipation of heat 
from the tool and the workpiece to produce isothermal and non-isothermal models. 
Results have shown that the program was able to produce material flow diagrams in 2-
dimensional planes, at a varying depth within the stir zone (fig. 2.29) [Colegrove & 
Shercliff, 2004ii]. However, the model is limited and appears to exhibit several 
problems. In particular, the predicted longitudinal movement of the material as it flows 
round the pin shows very little deviation in height (fig. 2.29), which does not agree with 
experimental observations. This is believed to be caused by over prediction of the 
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deformation volume on either side of the pin, due to the use of the stick model, and it is 
thought a correction can be made by applying the slip model instead. 
 
Fig. 2.29 Streamline plot for (a) Triflute, and (b) Trivex tool, modelled using rotation 
speed of 457 RPM and
 
welding speed of 457 mm min
-1
 [Colegrove & Shercliff, 2004ii]. 
In more recent 3-dimentional models, the flow of material caused by the tool is 
separated into two main categories, one being driven by the shoulder and the other by 
the pin [Hamilton et al., 2007; Kumar et al., 2007]. The material near the surface is 
governed by two motions, the ‘circumventing motion’ and the ‘torsional motion’. 
Circumventing motion is the rotation of material around the tool shoulder, whereas 
torsional motion is the rotation of surface material underneath the shoulder. On top of 
this, there is the ‘vortex motion’ which is associated with the flow of material within the 
stir zone driven by the rotation of the pin. As extruded material travels from the surface 
down into the plasticised region, this motion is believed to be resisted by the material 
which is already present within the stir zone. Hence, the column of extruded material 
folds and develops into bands within the microstructure. These models appear to be able 
to predict the volume of material extruded into the stir zone, and describe many of the 
stir zone characteristics. However, this is limited to specific conditions and 
measurements regarding steady state material flow. 
Using these models, the strain and strain rate around the pin during FSW/FSP can be 
predicted, however, large disagreements in the values predicted are seen in the literature 
between different models. Fig. 2.30 shows the strain and strain-rate distribution across 
the weld predicted by Buffa et al for FSW of AA7075-T6 alloy, which are dissimilar in 
thickness [Buffa et al., 2008]. Originally, the FE model had been developed to 
investigate ‘simple’ FSW butt joints. It is possible to see that the highest strain and 
strain rate, ~7 and ~11 s
-1
 respectively, was predicted for the weld with the largest 
thickness ratio [Buffa et al., 2008]. On the other hand, fig. 2.31 shows the distribution 
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of the shear strain rate around the pin with a contact state variable δ of 0.1, produced by 
Mukherjee and Ghosh [Mukherjee & Ghosh, 2010]. As expected, the highest shear 
strain rate is generated at the interface between the pin and the workpiece, and reached a 
magnitude of ~87 s
-1
 [Mukherjee & Ghosh, 2010], which is eight times larger than that 
predicted in the model developed by Buffa et al. Furthermore, the strain rate predicted 
on the advancing side is generally higher than the retreating side, because a larger 
velocity gradient exists at the advancing side. On this side of the tool, material velocity 
induced by the rotation of the pin opposes the bulk velocity induced by the translation 
of the tool, therefore resulting in a more abrupt change in velocity profile. An extreme 
strain of ~200 has also been estimated at the interface between the pin and the 
workpiece, and this is because no material failure option is included in the model, 
whereas the real material can fail before reaching such high strains [Mukherjee & 
Ghosh, 2010]. 
 
Fig. 2.30 (a) Strain, and (b) strain rate distribution across the weld at different thickness 
ratio [Buffa et al., 2008]. 
 
Fig. 2.31 Plot of shear strain rate contours around the pin with a contact state variable δ 
of 0.1 [Mukherjee & Ghosh, 2010]. 
(a) (b) 
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In summary, the flow of material during FSP is very complex and is yet to be fully 
understood, or reliably predicted. It has been suggested that the development of the final 
microstructure is governed by at least two independent deformation processes, one 
driven by the tool shoulder and the other by the pin. However, it is important to note 
that there are many other factors that can affect the metal flow behaviour during FSP, 
and these include the tool design, the processing parameters, and also the properties of 
the workpiece. 
 
2.7 FSP of Different Classes of Materials 
FSP was first investigated and used as a near surface modification and enhancement 
technique. An example application is the fabrication of surface metal-matrix composites 
[Mishra et al., 2003; Morisada et al., 2006]. The aim of the process in this case was to 
reinforce metal alloys with ceramic phases, usually carbide powder (SiC, TiC or WC), 
to increase strength, hardness, and resistance to wear, creep and fatigue at the surface of 
the material, while maintaining ductility and toughness at bulk. Commercially, the 
generation of a near surface metal matrix composite can also be achieved by using high-
energy laser melt treatments [Hu & Baker, 1995; Hu et al., 10995]. In these techniques, 
the ceramic phases are coated onto the surface of the material, either pre-deposited or 
injected simultaneously with the laser beam. During processing, the powder coating will 
be melted along with the surface layer of the substrate, allowing the ceramic particles to 
mix into the melted material. Unfortunately, the resulting resolidification of the 
localised melt pool is difficult to control, hence the microstructure that develops often 
result in poor mechanical properties.  
In comparison, it has been found that FSP can be used to generate surface metal-matrix 
composite with uniformly distributed SiC particles, and the microstructure is porosity 
and defect free [Mishra et al., 2003]. The process also assists particle break up, and 
produces a fine dispersion of particles within the microstructure, which can double the 
microhardness of the base material; e.g. from 85 HV to 173 HV, when a 27 vol.% of 
SiC particles was processed into the surface layer [Mishra et al., 2003]. In general, the 
composite layer ranges from 50 μm to 200 μm in depth, and by simply increasing the 
amount of pre-placed SiC particles on the surface of the alloy, a higher particle 
concentration can be introduced into the composite layer. However, there are several 
limitations to the processing parameters. Firstly, the transverse speed was found to be 
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influential to the bonding between the surface composite layer and the material 
substrate. As the transverse speed increases, the bonding strength of the surface 
composite layer is poor and is observed to separate from the alloy substrate. Secondly, 
the plunge depth must be controlled, as with too large a plunge depth, the pre-placed 
SiC particles on the surface were pushed away from the tool, and no particles were 
incorporated into the alloy. However, too low plunge depths were found to be 
ineffective in mixing the SiC particles into the alloy. Shafiei-Zarghani et al. have 
recently attempted to incorporate nano-sized Al2O3 into the surface layer of 6082 Al 
alloy [Shafiei-Zarghani et al., 2009]. After a single pass FSP, the Al grains were refined 
down to ~4.8 μm. However, although the nano-particles were integrated into the Al 
matrix, they tended to be agglomerated, and distributed in clusters. The dispersion of 
the nano-sized Al2O3 particles was improved by multi-pass processing. The grain size 
was also further reduced to ~0.7 μm after 4 FSP passes, because the homogeneously 
distributed Al2O3 particles were effective in pinning and suppressing grain boundary 
migration. As a result, the hardness and wear resistance of the surface composite layer 
was increased by three times, compared to the base material [Shafiei-Zarghani et al., 
2009]. 
Research has also suggested the potential of using FSP as a bulk processing technique 
for thicker alloy plates. Microstructure refinement of a greater material volume and 
further depth can be achieved by using friction stir tools with a larger pin size [Su et al., 
2005]. This is particularly attractive to the production of superplastic materials. 
Generally, superplasticity is defined as the ability of a solid crystalline material to 
deform and elongate beyond 200 % of its original length during tensile deformation [Ma 
et al., 2002; 2003; Charit & Mishra, 2005; Johannes et al., 2007]. Materials that exhibit 
such behaviour can be shaped into complex objects with ease. Many aerospace 
components made from aluminium and titanium alloys are commonly superplastically 
formed. There are two basic, but important requirements for a crystalline material to 
exhibit superplasticity. Firstly, the microstructure must consist of a fine grain structure, 
typically < 20 μm in grain size. Secondly, finely dispersed thermally stable particles 
must be present within the material in order to pin the grain boundaries and stabilise the 
fine grain size microstructure during forming [Ma et al., 2003]. Due to these necessities, 
FSP appears to be a promising processing method. 
The potential of generating superplasticity by FSP has been investigated with a variety 
of Al alloys [Ma et al., 2002; Charit & Mishra, 2003; Johannes et al., 2007i, 2007ii; Liu 
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& Ma, 2008]. Results from single pass processing have shown an increase in uniform 
elongation from alloys that initially showed no superplasticity at low temperatures (< 
0.5 Tm). However, since superplasticity is dependent on the size of the grains and the 
stability of the refined microstructure, the temperature and strain rate for which 
maximum elongation could be achieved differed with different processing parameters 
and different alloys. Liu & Ma have shown that by water cooling a 7075 Al alloy from 
FSP, an UFG microstructure with average grain size of 0.8 μm can be obtained [Liu & 
Ma, 2008], and a maximum ductility of 540 % at 350 °C was achieved. When combined 
with the optimised conditions, some of the processed alloys were capable of straining 
beyond 1000 % [Charit & Mishra, 2003]. Many experiments have also looked into the 
possibility of using multi-pass processing to refine a larger volume of the 
microstructure. Promisingly, these reports have commented on successfully producing 
homogeneous microstructures with a fine grain size [Johannes & Mishra, 2007ii]. 
However, even though superplasticity was also achieved after multi-pass processing, the 
ductility of the alloy was found to be reduced from that of a single pass process. 
The use of FSP as a property optimising technique has also shown its potential in 
several other metallic alloys [Park et al., 2003; 2004; Zhang et al., 2005; Reynolds et 
al., 2005; Morisada et al., 2006; Sato et al., 2007], and in particularly FSP of 
magnesium alloys is increasingly being investigated. The formability of Mg is generally 
poor, due to a lack of active slip systems within its hexagonal close pack (HCP) 
crystallographic structure. However, recent research has suggested that the formability 
of Mg can be enhanced by refining the grains of the alloy to less than 20 μm [Sato et al., 
2007]. Similar to superplasticity, this improvement in ductility is believed to be the 
result of an increased of non-basal slip systems activity and grain boundary sliding that 
appears to occur within the material when it has a refined microstructure. Fracture limits 
similar to pure Al have been observed in Mg alloys with grain refined down to ~3 μm. 
Results have shown that the microstructure produced from processing parameters which 
induced a lower peak temperature to the material, during processing, were finer than the 
microstructure that was developed from a higher temperature process, or from the base 
material [Sato et al., 2007]. This suggested that the refined microstructure of Mg alloys 
after FSP is unstable and sensitive to temperature. However, the effect of multi-pass 
processing on the grain size was noted as negligible. Therefore, it is believed that the 
refined microstructure after processing is capable of being sustained up to the maximum 
temperature that was reached during processing, because the peak temperature 
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decreases with increasing distance from the processed zone, so the temperature exposed 
to the original processed region during multi-pass processing will never be higher than 
that of the previous pass. This phenomenon can also be seen in Al alloys which do not 
have thermally stable particles in the alloy to stabilise the refined microstructure [Sato 
et al., 2007]. FSP can also be used to refine the microstructure of cast Mg alloys. Ma et 
al. have shown that the coarse network-like eutectic β-Mg17Al12 phase within AZ91 Mg 
alloy, which is otherwise detrimental to the mechanical properties, can be broken up and 
solutionised during FSP [Ma et al., 2008]. By refining the microstructure of the cast 
material, followed by post ageing to allow the dissolutionised β-Mg17Al12 phase to 
precipitate finely and homogeneously, the yield and ultimate tensile strengths of the 
alloy was increased from 73 MPa and 111 MPa, to 177 MPa and 337 MPa respectively 
[Feng & Ma, 2007]. 
The potential of using FSP to enhance the mechanical properties of NiAl bronze alloys 
have also been investigated [Oh-ishi & McNelly, 2004; 2005]. This material is widely 
used in marine applications due to its good combination of corrosion resistance, 
strength, fracture toughness, and non-sparking behaviour [Duma, 1975]. However, NiAl 
bronze components with thick cross sections are usually cast, and the slow cooling rates 
often lead to development of a coarse microstructure, which reduces the physical and 
mechanical properties [Ferrara & Caton, 1982]. But, with FSP it is believed that 
localised surface strengthening can be achieved. Oh-ishi and McNelly have extensively 
investigated FSP of an Ni-Al bronze alloy, with composition Cu-9Al-5Ni-4Fe (wt %). 
This alloy contains large globular κii phase (Fe3Al), and lamellar κiii phase (NiAl), 
which are detrimental to the alloy [Oh-ishi & McNelly, 2004; 2005]. The alloy also 
contains primary α phase and fine κiv precipitates (Fe3Al), which are all transformed 
from a single phase β solid solution during equilibrium cooling (fig. 2.32a). 
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Fig. 2.32 Schematic diagrams indicating the sequence of phase transformations during 
(a) equilibrium cooling of a Cu-9Al-5Ni-4Fe alloy, and (b) cooling at high rates such as 
experienced during FSP. 
The microstructure has been shown to be refined after FSP [Oh-ishi & McNelly, 2004; 
2005]. Although the globular κii phase is evidential within the PZ, the coarse lamellar 
κiii phase and any existing porosities within the as-cast material were eliminated from 
the microstructure. Since the refinement process in NiAl bronze is greatly influenced by 
the temperature, the microstructural changes are, therefore, very sensitive to the location 
within the PZ, and indicates the significant variation in the thermo-mechanical history 
[Oh-ishi & McNelly, 2004; 2005]. Closer to the surface, the refinement process is 
greatly affected by the high peak temperature reached during FSP, which causes the 
lamellar κiii phase and some of the primary α phase to revert back to β. The subsequent 
high cooling rate, which can be a factor of 10
3
 times higher than in a casting, can cause 
the β phase to transform into Widmanstätten α, bainite or martensite (fig. 2.32b). The 
resulting microstructure after FSP therefore contains a mixture of phases, but all of 
these β phase transformation products are all finely and homogeneously dispersed 
within the PZ [Oh-ishi & McNelly, 2004]. On the other hand, towards the base of the 
PZ, the refinement of the α and various κ phases are induced predominately by 
deformation, with little or no β phase transformation, due to the lower peak temperature 
in this region. Finer α grains, 1-2 μm, can be found located toward the advancing side of 
the stir zone nearby this region [Oh-ishi & McNelly, 2004]. The processing parameters 
have also been found to be influential to the microstructural development during FSP of 
NiAl bronze alloys. At lower processing speeds, the microstructure throughout the PZ 
was relatively uniform, and consisted of elongated and banded grains of primary α and 
transformation product of the β phase. However, as the processing speeds were 
(a) (b) 
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increased, spheroidised α and Widmanstätten α layers dominated the onion rings, which 
also contained a large volume fraction of other, fine β transformation products [Oh-ishi 
& McNelly, 2005]. Coarse Widmanstätten α can be observed in the upper region of the 
PZ, indicating large volume fractions of β transformation, due to the relatively high 
peak temperature (> 900 °C) [Swaminathan et al., 2010]. Furthermore, bands with high 
and low volume fractions of β transformation product are developed adjacent to each 
other, which reflects the complex strain history within the PZ, with the higher volume 
fraction band expected to have experienced a higher peak temperature during FSP. 
Interestingly, it has been found that κii is apparent within all the samples, suggesting 
incomplete dissolution of the κii phase in β, despite local peak temperature exceeding 
930 °C, which is the nominal solvus temperature for the κii phase [Oh-ishi & McNelly, 
2005]. 
The findings from these experiments have suggested the advantages of using FSP as an 
alternative processing technique for many applications. In particularly, there has been 
increasing interests in exploring the potential of using FSP for optimising the properties 
of cast Al alloys [Sharma et al., 2004; Santella et al., 2005; Ma et al., 2006i; 2008], 
where it is believed that performance can be enhanced via microstructure refinement. 
 
2.7.1 FSP of Al-Si Alloys 
To date, only a limited number of investigations have looked into the effect of friction 
stir processing specifically on the microstructure and mechanical properties of cast Al-
Si alloys, and these experiments have mainly been on low Ni content alloys [Sharma et 
al., 2004; Santella et al., 2005; Ma et al., 2006i]. 
Work carried out on Al-Si alloys (A356) have shown that large Si particles within the 
cast alloys can be rapidly broken up by FSP. The aspect ratio of the particles was 
reduced and the particle size distribution was also improved [Ma et al., 2006i]. The 
mean particle size was reduced from 5-8 μm to 2-3 μm (table 2.7) [Ma et al., 2006iii; 
2008], and the general particle size distributions before and after FSP are shown in fig. 
2.34 [Ma et al., 2006iii]. The spatial distribution of the refined Si particles has been 
reported to be dispersed ‘homogeneously’ within the microstructure, and the friction stir 
zone was found to be pore free (fig. 2.33). As a result, the fatigue properties of the alloy 
were improved, and the fatigue threshold strength was increased by > 80% [Sharma et 
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al., 2004]. Within the FSP region, crack initiated less frequently from failed Si particles, 
and inter-dentritic crack propagation along Al-Si interfaces was promoted [Ma et al., 
2006i; 2006ii]. In addition, no crack nucleation was reported to have been observed 
away from the failure site. Microhardness measurements across the friction stir zone 
were more uniform with original soft spots, due to pores and Al dendrite cores, 
becoming eliminated [Santella et al., 2005; Ma et al., 2006i]. 
 
Fig. 2.33 Optical images within the stir zone from a cast Al-Si alloy after friction stir 
processing. The Si and intermetallic particles have been broken up and refined. 
 
Table 2.7 Size and aspect ratio of the Si particles, and porosity volume fraction in the 
as-cast A356, and after FSP with various processing parameters [Ma et al., 2006iii]. 
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Changing the processing parameters was found to have a significant effect to the 
macrostructure, as well as the microstructure of the processed zone [Ma et al., 2006i]. 
Firstly, at low rotation speeds (300-500 RPM), the processed zone developed a basin 
geometry with a wide top region, but as the rotation speed was increased (up to 900 
RPM), the process zone becomes more elliptical [Ma et al., 2006i]. Secondly, particle 
rich and particle free bands, which dominated on the advancing side of the processed 
zone, were only observed after FSP at low rotation rates or large pitches. This is 
because small pitch extrudes material around the tool in thinner bands, and the result of 
intensified fictional heating and stirring at an increased rotation speed or reduced pitch 
causes the temperature within the process zone to increase, and subsequently more 
thorough mixing of the softened material [Ma et al., 2006i]. An improvement to the 
particle refinement and spatial distribution was also reported with increased rotation 
speed [Ma et al., 2006i; 2006iii]. Such a decrease in the Si particle size is reported to be 
due to an increase in the quantity of smaller particles, and a decrease in quantity of the 
larger particles. However, changing the processing parameters was found to have very 
little effect on the grain size, which is found to be around 3-4 µm within all the samples 
after FSP [Ma et al., 2006i], and shows a good agreement with those observed in other 
FSW/FSP high strength aluminium alloys [Mishra et al., 2000; Ma et al., 2002; Hassan 
et al., 2003]. This is likely to be due to the high density of refined Si particles within the 
process zone, which significantly influenced the recrystallisation process and grain 
growth behaviour. 
 
Fig. 2.34 Size distribution of Si particles in A356 (a) as-cast, (b) FSP 300 RPM-51 
mm/min, and (c) FSP 700 RPM-203 mm/min [Ma et al., 2006iii]. 
In order to generate a larger volume of FSP material, the effects of multi-pass FSP on 
the Al-Si alloys has also been investigated. It has been found that the distribution of Si 
particles remains relatively uniform after multi-pass processing. The sizes and aspect 
ratio of the particles were also found to be relatively constant throughout the 
overlapping processed regions, indicating that the Si particles are not broken up any 
(a) (b) (c) 
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further by overlapping process runs [Ma et al., 2006ii]. In general, the tensile properties 
of the multi-pass FSP have been seen to be reduced from that of a single pass process. 
In addition, the strength and ductility of the transitional zones are lower than that of the 
centre of the nugget zones, and the strength of the material decreases with increasing 
distance from the centre of the final FSP pass. It has been suggested that these 
observations are not related to the condition of the Si particles, since they were found to 
be similar in size, but were influenced by other heat treatable second phase particles that 
exist within the alloy [Ma et al., 2006ii]. It is believed that, during a second FSP pass, 
the heat generated causes the second phase particles to coarsen within the previously 
processed region, hence reducing the mechanical properties of the alloy. Interestingly, it 
has been suggested that heat treatment of the material after multi-pass FSP is able to re-
dissolve the coarsened second phase particles into a solid solution, and by allowing re-
precipitation to occur after heat treatment, it is possible to reproduce material properties 
similar to that of a single pass FSP throughout the whole processed regions [Ma et al., 
2006ii]. 
 
2.8 Post-Weld/Process Heat Treatment 
Although FSW/FSP eliminates the problem caused by the presence of a fusion zone, the 
changes to the microstructure can still cause a degradation of mechanical properties. 
This is in particularly true within the HAZ and TMAZ [Mahoney et al., 1998; 
Lockwood et al., 2002]. Therefore, investigations have looked into the potential of 
recovering the loss of strength by post-weld heat treatments. In addition, when a refined 
microstructure is achieved by FSP, it is essential to retain the microstructure so that the 
material can retain its properties, even when operating at elevated temperatures. 
Therefore, the stability of the PZ after processing is also of importance.  
Most investigations of the stability of the microstructure after FSW/FSP have looked at 
high strength Al alloys largely used in aerospace applications. These alloys usually 
contain second phase particles, and are therefore heat treatable. Several authors have 
reported improvements to the mechanical properties after post-weld heat treatment 
[Carbibbo, 2003; Elangovan, 2008], whereas others have show that the mechanical 
properties are not improved, or even made worse [Mahoney, 1998; Jata, 2000; Sullivan, 
2008]. When the temperature of post-weld heat treatment is below the solvus 
temperature of the alloy, the second phase participates, existing within the nugget and 
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the TMAZ, coarsen within the grains and along the grain boundaries [Sullivan, 2008]. 
This process is known as Ostwald ripening, and is driven by the fact that, 
thermodynamically, larger particles are more energetically favoured than smaller 
particles due to a reduction in surface area and net surface free energy. As a result, the 
fine strengthening precipitates are removed from the microstructure, and this causes 
degradation of the mechanical properties. An idealised case in particle coarsening can 
be represented by Lifshitz-Slyozov-Wagner theory [Lifshitz & Slyozov, 1961], which 
describes the kinetics of coarsening in a solid solution matrix based on several 
assumptions, such as the coarsening second phase being spherical in shape, and fixed in 
position with a zero effective volume fraction. The theory concludes that the average 
growth rate of an individual particle is given by: 
       
  
    
    
   
     (Eq. 2.14) 
where   is the average radius of the particles, γ is the particle surface energy, Vm, D and 
C∞ is the molar volume, diffusion coefficient and solubility of the particle material, 
respectively, R is the ideal gas constant, T is the absolute temperature, and t is the time. 
One of the key finding from the theory is that it proposed the growth of the particles to 
be dependent on time as t
1/3
. 
Furthermore, spheroidisation and rounding of larger sharp and elongated particles has 
also been observed [Kovačević, 2008]. This is again driven by the reduction in surface 
free energy associated with the surface curvature [Glicksman, 2000]. On the other hand, 
if the post-weld heat treatment temperature is above the solvus temperature, then the 
second phase particles will re-dissolve back into solid solution, allowing strengthening 
phases to develop homogeneously throughout the microstructure during post weld 
ageing [Elangovan, 2008]. 
In addition, in high temperature post weld heat treatment, Charit et al. have investigated 
a 7475 Al alloy, and shown that significant grain growth occurred (fig. 2.35), which was 
limited to the nugget zone [Charit et al., 2002]. Hassan et al. looked into the stability of 
the nugget zone within FSW AA7010 Al alloy. After FSW, the samples were held at 
475°C, slightly above the solution temperature, for one hour. Interestingly, it was found 
that for the low heat input weld (180 RPM 95 mm/min), a much coarser grain structure 
developed throughout the nugget after solution treatment. This was recognised as taking 
place by abnormal grain growth, or secondary recrystallisation [Hassan et al., 2003]. 
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With the high heat input weld (450 RPM 95 mm/min), the initial recrystallised grains 
were considerably coarser, and the temperature reached during FSW was believed to be 
comparable to the solution treatment temperature, therefore the microstructure was 
more stable during the sequential solution treatment [Hassan et al., 2003; Chen et al., 
2007]. The resulting nugget contained only partially transformed grains, with few 
extremely large grains observed at the base of the nugget, and toward the advancing 
side.  
 
Fig. 2.35 Optical micrographs showing the development of abnormal grain growth in a 
7075 Al alloy heat treated at 763 K for 1 hour [Charit et al., 2002]. 
It is believed that such grain growth phenomenon is affected by the pinning pressure by 
the second phase particles on the grain boundaries [Charit et al., 2002; Hassan et al., 
2003]. Dissolution and coarsening of unstable second phase particles can occur 
heterogeneously on a local scale during solution treatment, resulting in a reduced 
pinning pressure on specific grain boundaries. This will allow specific grains to grow 
preferentially, hence leading to abnormal grain growth within the nugget. The driving 
force for abnormal grain growth during solution treatment is therefore more significant 
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and important for low heat input welds, since a higher temperature reached by high heat 
input welds will lead to a coarser initial grain structure, which reduces the stored energy 
[Hassan et al., 2003]. 
On the other hand, normal grain growth dominated the majority of the PZ during post-
weld heat treatment of a non-heat treatable alloy [Gan et al., 2008]. The size of the 
grains increased uniformly, and the distribution of the grain size remained 
approximately constant. The driving force for this steady state kinetic process is related 
to the reduction in grain boundary area and total surface energy, with the growth rate 
being a function of time, and temperature. Abnormal grain growth has also been 
observed near the surface of the PZ, and the extent of abnormal grain growth increased 
with reducing heat input into the weld (fig. 2.36) [Gan et al., 2008]. Since soluble 
second phase particles were absent from the microstructure, it was therefore believed 
that abnormal grain growth was promoted by a finer grain structure and higher 
dislocation density within the low heat input welds. 
 
Fig. 2.36 Optical micrograph showing the development of abnormal grain growth in a 
5083 Al alloy after heat treatment at 465 °C for 5 min [Gan et al., 2008]. 
In order to predict abnormal grain growth behaviour during post-weld heat treatment, 
several authors [Charit et al., 2002; Hassan et al., 2003] have considered the unified 
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theory of recovery, recrystallisation, and grain growth proposed by Humphreys 
[Gholinia et al., 2000; Humphreys, 2004]. The theory relates the growth rate of an 
individual cell, with radius R, and boundary mobility M, against that of the surrounding 
matrix of cells, with average properties    and   . It is suggested that instability will 
occur if an individual cell grows faster than the average growth rate of the surrounding 
matrix of cells: 
  
  
  
  
   
  
      (Eq. 2.15) 
where dR/dt and d  /dt are the growth rates of the cell and the surrounding average cells, 
respectively. 
With second phase particles present within the alloy, the Zener particle pinning pressure 
that these exert on the boundaries is given by [Humphreys, 2004]: 
   
    
 
    (Eq. 2.16) 
where Fv and d is the volume fraction and diameter of the pinning particles, 
respectively, and γ is the boundary energy. 
Humphreys then derived the following relationship with respect to the particle pinning 
pressure [Humphreys, 1997]: 
  
  
   
 
  
 
 
 
 
    
 
     (Eq. 2.17) 
   
  
      
 
   
 
   
 
     (Eq. 2.18) 
where   is the boundary energy of the individual cell.  
Assuming the initial microstructure after FSW consist of cells with approximately the 
same boundary conditions, then γ =   and M =   , and normal grain growth will be 
suppressed when d  /dt = 0, hence it is possible to derive from eq. 2.14: 
      
 
    
    (Eq. 2.19) 
Under such conditions, abnormal grain growth of an individual grain can still occur 
providing it has sufficient size differential (X = R/  ) over its surrounding neighbours, 
thus giving: 
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     (Eq. 2.20) 
However, ultimate stability will be reached when X   , and the pinning pressure is 
sufficient to prevent further growth of the cell, therefore no abnormal grain growth will 
occur. Plotting these criteria onto a graph, it is possible to produce microstructure 
stability maps (fig. 2.37) [Humphreys, 1997; Charit et al., 2002; Hassan et al., 2003], 
which indicates the conditions in which abnormal grain growth occurs. 
   
Fig. 2.37 (a) The effect of pinning pressure on the minimum grain size ratio (XMIN) 
required to initiate abnormal grain growth, and the maximum ratio (XMAX) for ultimate 
stability. (b) The various growth regimes plotted as a function of the matrix grain size, 
and the particles dispersion level (Fv/d) [Humphreys, 1997]. 
With these results, it has been suggested that there are two main methods for preventing 
abnormal grain growth in FSW/FSP Al alloys [Charit et al., 2002]: 
i) Selecting the friction stir parameters to achieve a coarser uniform grain structure 
within the nugget, therefore reducing the driving force. 
ii) Selecting alloys that contain a sufficient volume fraction of high temperature stable 
particles to exert enough pinning pressure on the grain boundaries, to prevent any grain 
growth. However, with a fine grain size in the nugget, this is likely to be very difficult 
to achieve in Al-metallurgy [Hassan et al., 2003]. 
 
2.9 Summary 
Aluminium alloys are used extensively within the aerospace and automotive industries. 
In particular, modern automotive engine pistons are made from cast Al-Si alloys. This is 
(a) (b) 
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because Al-Si alloy shows many of the requirements needed for the application, such as 
light weight, high temperature performances, and good castability. The microstructure 
of material is largely dependent on the Si content, the alloying elements, and the cooling 
rate from production. Typically, the Si and intermetallic particles that develop in Al-Si 
castings are large, and are statistically more likely to contain larger flaws, which will 
initiate cracks and failure. However, in order to increase engine efficiency, the 
requirements being asked of pistons are becoming more demanding, so that the 
performance of the material also needs to be enhanced.  
Based on the concept of Friction Stir Welding (FSW), a solid state joining technique, a 
new processing technique, Friction Stir Processing (FSP) has been developed. Due to 
the high deformation and temperature experienced by the material during welding, the 
microstructure of the original material, and in-turn the mechanical properties, will be 
altered. At the centre of the weld, closest to the tool is the Dynamically Recrystallised 
Zone (DRZ) or Processed Zone (PZ). Just next to the DRZ is the Thermo-Mechanically 
Affected Zone (TMAZ), and further away is the Heat Affected Zone (HAZ). The 
resulting microstructure within each of these zones will be influenced by the type of 
material being welded, i.e. whether precipitates can develop, and also the processing 
parameters. 
In order to predict the thermal distribution and the flow behaviour of the material during 
FSW, many different computer models have been developed. For the thermal models, 
calibrations are often achieved by comparing to thermocouple measurements, taken 
from positions further away from the deformation zones. In general, a maximum peak 
temperature of 400-500 ˚C has been predicted in Al alloys. While prediction from flow 
models are usually compared to results from marker experiments. Results from both the 
computer model and marker experiments have shown that the flow of material around 
the tool always passes over on the retreating side of the PZ. Furthermore, materials were 
also found to be deposited behind the tool at a similar position across the PZ to its 
original position ahead of the tool. 
FSP has been suggested as a potential local property enhancement technique. 
Investigations on the use of FSP for other applications have shown that grain refinement 
and particle break up have been achieved. Therefore, it is believed that FSP can also be 
used to optimise the properties of a piston, and in particularly the material in the piston 
crown region, which is exposed to the greatest temperature and pressure during service. 
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FSP has been shown to be able to break-up the large detrimental Si particles within the 
alloy. By refining the microstructures, the high temperature performance and fatigue 
properties of Al-Si alloys are considered to be improved. 
However, the effect of FSP on Al-Si alloys must be investigated in further detail. It is 
important to look into the effect of the different variables on the process, especially the 
transverse and rotational speed of the tool, and try to understand how the second phase 
particles within the different Al-Si alloys breaks-up, as the material enters the 
deformation zone. This is defined as the region around the tool where the Al matrix and 
the second phase particles became strained and sheared by the tool. Furthermore, little 
quantitative work has been carried out on the homogeneity and distribution of the 
refined particles within the PZ, therefore the process must be optimised, in order to 
increase the quality of the material, and the efficiency of production. In addition, the 
stability of the microstructure after FSP also needs to be investigated, in order to 
determine the feasibility of using the technique for enhancing the high temperature 
properties of the material, since particle coarsening and abnormal grain growth have 
been reported to occur during post-weld heat treatment. 
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Chapter 3 
Experimental Procedures 
This chapter outlines the experimental techniques used for this research project to 
evaluate the effect of FSP on the microstructure of Al-Si alloys. The materials used are 
described, and the methods used for producing the FSP samples, and characterising the 
grain and particle structure, are explained in detail. The mechanical properties of the 
material, before and after FSP, were measured via hardness and tensile testing. 
Furthermore, the background information and the calibration procedures for the two 
computer models, used for predicting the thermal distribution and material flow 
behaviour during FSP, are also discussed. 
 
3.1 Material 
Three classes of Al-Si alloys were used throughout this investigation. The alloys were 
selected to be representative of materials typically used in diesel engine applications, 
i.e. with and without primary Si particles and the addition of Ni for enhanced thermal 
stability. Alloy-1 was a low Ni content hypo-eutectic alloy, commercially known as 
LM24/A380. A higher content of Si was added to this alloy to push the composition 
beyond the eutectic point to produce a hypereutectic alloy, Alloy-2. Finally, Alloy-3 
contained a further addition of Ni, creating a high Ni content hyper-eutectic alloy. The 
chemical composition (wt %) for each of these alloys, measured by optical emission 
spectroscopy, are given in table 3.1. 
All the alloys used for the investigation were provided by Simon Barnes, produced at 
SB2 Metallurgical Services, Rugby. Each was gravity die casted within a steel mould as 
an A4 size (296 x 210 mm
2
) plate, with a thickness of 26 mm, and were as-cast non-
modified. The material was then air cooled back down to room temperature, therefore 
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due to non-uniform cooling and shrinkage from casting, the surfaces of the plates were 
rough and uneven. Therefore, in order to generate flat surfaces for FSP, 2 mm of 
material was milled away from the top and bottom surface of each plate, before FSP. 
 Elements (wt %) 
Alloy Si Cu Ni Mg Fe Mn Zn Ti Zr V Pb Sn 
#1 
(LM24) 
8.88 3.22 0.03 0.21 0.60 0.23 2.40 0.06 0.04 0.01 0.03 0.01 
#2 12.05 3.07 0.02 0.22 0.61 0.22 2.32 0.06 0.04 0.01 0.03 0.01 
#3 12.13 3.01 2.40 0.15 0.54 0.20 2.26 0.01 0.03 0.01 0.02 0.01 
 
Table 3.1 Compositions of the three Al-Si cast alloys used in the experiments. 
 
3.2 Phase Identification 
Before FSP, the second phase particles within the alloys were identified by JMatPro, X-
Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), and Energy Dispersive 
X-Ray (EDX) experiments. Characterising the different phases present within the 
alloys, and studying their changes in size and morphology before and after FSP, was 
essential for evaluation of the mechanisms and effectiveness of particle break up during 
FSP. 
 
3.2.1 JMatPro 
JMatPro is a thermodynamic software based on the CALPHAD methodology 
(Calculation of Phase Diagram), which couples phase diagram information with all 
other available thermodynamic properties [Saunders & Miodownik, 1998]. All 
predictions and calculations are made from the Al-DATA thermodynamic database 
produced by Sente Software. Furthermore, the solidification model is based on Schiel 
Gulliver concept, which assumes no mixing in the solid phase, but complete mixing in 
the liquid [Porter & Easterling, 1992; Saunders & Miodownik, 1998].  
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3.2.2 X-Ray Diffraction (XRD) 
Small samples were cut from the centre of each of the as supplied plates. Conventional 
X-ray Diffraction (XRD) was carried out using a Philips PW 3710 instrument. This is a 
common analytical technique used for phase identification. The technique is based on 
elastic scattering of x-rays from crystal structures to produce a diffraction pattern. The 
diffraction pattern can then be used to index the crystallographic structure of the phases 
present in the material. The advantages of XRD are that it is a non-destructive and 
relatively rapid technique, and no sample preparation is required for bulk 
measurements. However, after obtaining a diffraction pattern, the actual phase 
identification process is often difficult and time consuming, and can lead to the wrong 
classification of minor phases. Furthermore, due to background noise, a phase must 
have a volume fraction greater than 0.5 % to be clearly distinguished. 
 
3.2.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray 
Spectroscopy (EDX) 
Scanning Electron Microscopy (SEM) was used to study the second phase Si particles 
and intermetallic phases present in the three materials. Experiments were carried out 
using a Philips FEG-SEM instrument, operated at 20 kV and spot size 3. The alloys 
were examined using both secondary electron (SE) and backscattering electron (BSE) 
modes. Because the wavelength of electrons is shorter in comparison to the photons 
used in optical microscopy, SEM is capable of achieving much higher magnification 
and resolution.  
The Si particles and intermetallic phases were further analysed using Energy Dispersive 
X-Ray Spectroscopy (EDX) within the SEM instrument. EDX is an analytical technique 
used for element analysis and chemical characterisation. The sample is exposed to a 
high energy electron beam which excites the atoms within the material, and the 
elements within the specimen are then determined by the emission of an x-ray energy 
spectrum from the sample. EDX is capable of obtaining both qualitative mapping of 
element distributions, as well as quantitative measurements of composition [Goldstein 
et al., 2003]. Sample preparation for SEM experiments requires metallographic sample 
preparation, in the same way as for optical microscopy (see section 3.5.1).  
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3.3 Friction Stir Experiments 
3.3.1 Friction Stir Processing 
Friction stir processing was carried out on a CS Powerstir Friction Stir Welding 
machine at The University of Manchester. The alloys were processed with controlled 
parameter sets to allow results to be compared. The FSP tool used for the investigation 
was a tapered trivex design, with a pin length of 5.8 mm and shoulder diameter of 20 
mm (fig. 3.1). No tilting angle was applied to the tool, and FSP was performed in 
position control mode, with a plunge depth of 6.1 mm. However, in order to investigate 
the effect of FSP on the different Al-Si alloys, the transverse speed and the rotational 
speed were varied. The FSP conditions used with each alloy are shown in table 3.2. 
  Rotation Speed (RPM) 
Alloy Travel speed (mm min
-1
) 200 300 500 700 800 900 
#1 (LM24) 
100 X 
 
X X  
 
200  X X X 
 
X 
400 
 
 X X X  
#2 200  X X X  X 
#3 200  X X X  X 
 
Table 3.2 Matrix of the processing parameters used in the investigation. 
 
Fig. 3.1 Images of the tool used for the FSP experiments; (a) plane view and (b) side 
view. The tool consisted of a scrolled shoulder and a tapered trivex pin. 
Experiments were limited to three FSP passes on each plate. This was to avoid thermal 
reflection occurring near the plate edge. Each run was offset by 15 mm between the next 
pass, in order to prevent subsequent passes affecting the pervious tracks. In addition, a 
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single FSP pass was processed for 220 mm along the plate, while the rotation speed was 
altered half way through the process (i.e. 110 mm). This gave sufficient distance for the 
process to reach steady state, and allowed more experimental data to be obtained from a 
single plate. This reduced the amount of waste material, and increased the efficiency of 
the investigation. Holes of 0.55 mm diameter and 1 mm deep were drilled at precise 
positions for thermocouples to be inserted for temperature measurements during FSP. 
Temperatures were data logged using 0.5 mm diameter R-type thermocouples. The 
thermocouples positions are shown in fig. 3.2 for the top of the plate. A thermocouple 
was also placed on the base of the plate, directly opposite the thermocouple placed 
closest to the centre of the FSP pass. A limited number of samples were also processed 
with the pin removed from the tool to study the effect of the tool shoulder contribution 
to particle refinement. The processing conditions used for these experiments were at a 
transverse speed of 200 mm min
-1
, and rotation speeds of 300 to 900 RPM, in increment 
of 200 RPM. 
 
Fig. 3.2 Schematic representation of the plates used for the experiments, showing the 
positions of the FSP tracks, and holes for the thermocouples. 
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In order to better understand the separate influences caused by the tool shoulder and the 
pin on the microstructure during FSP, experiments were also carried out with a pin-less 
tool, which has a shoulder diameter of 20 mm with a scroll feature. Experiments were 
performed on Alloy-1, using the same processing conditions and parameters as 
mentioned above for the standard tool.  The processes have been kept at a transverse 
speed of 200 mm min
-1
, while the influence of changing rotation rate on the 
microstructure was studied (table 3.2). 
 
3.3.2 Stop-Action Experiment 
In order to investigate the mechanisms of particle refinement and changes to the 
microstructure as a function of material flow around the rotating pin during FSP, ‘stop-
action’ experiments were carried out. This involved immediately stopping the FSW 
machine, with the pin still embedded within the plate, and then quenching the material 
using liquid CO2, to try and retain the changes to the microstructure that occur during 
FSP. The PZ was then carefully cut out of the plate and the sample sectioned with the 
tool still in-situ. Samples were prepared for optical microscopy at a horizontal plane 4 
mm below the surface of the PZ (fig. 3.3), to ensure that the examined microstructure 
was predominately affected by the tool pin, with minimal influence from the tool 
shoulder. Various rotation and travel speeds have been investigated (table 3.3). Particle 
break up was tracked through the PZ by following the changes to the microstructure 
along different flow paths around the tool. 
 
Fig. 3.3 Images showing stop-action samples, sectioned 4 mm below the surface of the 
PZ, with the tool pin still in-situ within the material, after FSP at a transverse speed of 
200 mm min
-1
 and rotation speeds of (a) 300 RPM and (b) 500 RPM. 
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Alloy 2 Rotation Speed (RPM) 
Travel speed (mm min
-1
) 300 500 
100  - X 
200 X X 
 
Table 3.3 Matrix showing the processing conditions investigated in the stop-action 
experiments. 
 
3.4 Post-Process Heat Treatment 
In order to investigate the stability of the refined microstructure after FSP, samples were 
heat treated within a laboratory air circulating furnace at various temperatures and for 
different times. Details of the heat treatment conditions and the samples used for this 
investigation are shown in table 3.4. The furnace was pre-heated to the desired 
temperature before the samples were placed into the middle of the furnace and held for 
the necessary amount of time. This was followed by removing the samples from the 
furnace and allowing them to air cool back to ambient temperature. 
 
Material Heat Treatment Condition 
  
  
Alloy 2  
200 mm min
-1
 
 500 RPM & 700 RPM 
  
  
1hr @ 400 °C 
1hr @ 450 °C 
1hr @ 500 °C 
2hr @ 500 °C 
4hr @ 500 °C 
10hr @ 500 °C 
24hr @ 500 °C 
 
Table 3.4 Post-process heat treatment conditions. 
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3.5 Mechanical Testing 
To verify the feasibility of using FSP to enhance the mechanical properties of Al-Si 
alloys, the materials were mechanically tested before, and after FSP. Furthermore, 
changes to the mechanical properties were also investigated after post-process heat 
treatment by tensile testing at ambient temperature as well as at elevated temperatures to 
try and simulate operating conditions within an engine. 
 
3.5.1 Vickers Hardness Testing 
Macro and micro hardness testing is a quick and simple way of determining the local 
yield stress of a material. Hence, the technique was used for obtaining the hardness 
profiles across the process zones in the FSP samples, in order to investigate local 
variations in mechanical properties as a functional of the experimental variables.  
Hardness measurements were carried out using a Vickers hardness testing machine. The 
samples were prepared by grinding and polishing to create a flat and parallel surface to 
the machine stage. When the hardness testing machine is operated, a pyramid shaped 
diamond penetrates the surface of the material with a set force, generating an 
indentation into material. The dimension, d1 and d2, of the indent are proportional to the 
depth penetrated by the diamond, and the depth reached is directly related to the 
hardness of the material. Vickers hardness is expressed in term of the surface area of the 
indent, and can be expressed by the equation: 
                (Eq. 3.1) 
where P is the applied force (N), and d is the a average of d1 and d2 (mm) 
 
3.5.2 Uni-Axial Tensile Testing 
In order to determine the mechanical properties of the materials after FSP, and whether 
this was affected by post-weld heat treatment, tensile specimens (with dimensions 
shown in fig. 3.4) were cut out from the PZ, parallel to the processing direction, and 
tested under uni-axial tensile conditions using an Instron 5885H machine. Samples were 
tested at room temperature, and at 400 °C within a thermal controlled cabinet (fig. 3.5) 
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to simulate operating temperatures within the engine. The specimens were loaded until 
failure with a crosshead speed of 2 mm min
-1
 to obtain the ultimate tensile strength and 
elongation. To achieve greater accuracy, tests were repeated 3 times to check for 
consistency within the data. An extensometer was used to measure the strain of the 
samples during the experiment. 
 
Fig. 3.4 Schematic diagram showing the dimensions of the tensile specimens used in the 
uni-axial tensile experiment. 
 
Fig. 3.5 Images showing the uni-axial tensile experiment set-up. 
 
3.5.3 Uni-Axial Compression Testing 
Compression testing was carried out using the as-cast material, Alloy-1, in order to 
investigate the change in the flow stress of the material with increasing temperature and 
strain rate. This data was required for the constitutive modelling laws. In this case, 
cylindrical samples were used, with a diameter of 10 mm and a height of 15 mm, and 
experiment was carried out within a Instron 5885H machine. During compression 
testing the samples were preheated to the desired temperatures, before being 
compressed to 0.5 strains. The samples were tested from room temperature to 500 °C, 
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and two strain rates, 1 s
-1
 and 10 s
-1
, were investigated. From the results, the Zener-
Holloman parameters were estimated for the material, and the values were then used in 
the flow model (see section 3.8.2) for predicting the flow behaviour of the material 
during FSP. 
 
3.6 Characterisation of Second Phase Particles 
In order to investigate and explore how the Si and intermetallic particles broke up 
within the Al-Si alloys during FSP, the size, morphology and distribution of the 
particles was characterised before and after processing. This is important as changes to 
the microstructure will determine the mechanical properties of the alloy after 
processing. Optical microscopy is capable of providing a good overview of the 
microstructural development within the material. It provided information as to how the 
second phase particles and intermetallics were broken up and redistributed, and showed 
the development of any interesting features within the microstructure, such as banding 
or inhomogeneous particle distributions. Optical micrographs were obtained across and 
down the centre of the cross-section from all the PZs produced using various rotation 
speeds and transverse speed. For image analysis, images were taken every 3 other 
screens at a magnification of 500x, starting from the edge of the DRZ on the advancing 
side across, or 0.25 µm below the surface down the centre of the PZ. This corresponded 
to measurements being made every 0.65 µm and 0.55 µm, respectively.  The lines along 
which optical analysis was preformed are shown in fig. 3.6. These images were then 
subjected to both quantitative inspection and detailed image analysis (see section 3.6.2). 
 
Fig. 3.6 Image indicating the location where sample cross-sections were examined after 
FSP; across and down the centre of the PZ. 
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3.6.1 Metallographic Preparation 
Conventional sample preparation was used, which involved several stages. Firstly, the 
processed plate was cut into smaller samples containing the FSP material in the desired 
plane of view. The samples were then ground progressively using silicon carbide (SiC) 
paper, from p600 to p1200 grades, in which each stage progressively removes and 
replaces the larger surface scratches with smaller ones. The samples were then polished 
on 6 μm and 3 μm diamond cloths for 3-5 min, and finally with an OPS colloidal silica 
suspension for 5-10 min. Note; after each grinding and polishing step, the samples were 
washed thoroughly using methanol and air dried. 
 
3.6.2 Particle Statistic Measurements 
The optical micrographs obtained were analysed using the image analysis software 
‘Image Pro Analyzer’, in order to obtain size and distribution information from the 
refined Si and intermetallic particles throughout the PZ. This was achieved via a 
differential contrast technique in which the darker particles within the optical image 
were highlighted by grey scale intensity thresholding (fig. 3.7). Every individual 
particle was then analysed for their geometry, such as particle area, maximum axis 
length, and minimum axis width. These are defined in table 3.5. To reduce the errors of 
the technique, images were analysed and compared at the same magnification (500x) 
throughout the investigation. 
 
Fig. 3.7 (a) Example optical image from the centre of the DRZ, and (b) a black and 
white image obtained after grey scale thresholding for image analysis. 
After measuring the areas of every individual particle within an individual optical 
micrograph, the average particle area    was calculated. To obtain the average particle 
size, this was then converted to an equivalent circular diameter (ECD) by: 
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    (Eq. 3.2) 
The aspect ratio of the particles is defined as the ratio between the maximum axis 
length, and minimum axis width: 
              
                   
                 
   (Eq. 3.3) 
The particle size distribution was also characterised. This was achieved by separating 
the particles into size categories with incrementing division range of 1 µm. Results 
obtained were then plotted in particle size distribution graphs, as presented in the 
(section 5.5). 
Measurements Definition 
Area The area of the particles in a two dimensional plane (µm
2
) 
Equivalent Circular 
Diameter (ECD) 
Diameter of the particles, assuming all particles to be circular (µm)   
Major Axis Length The longest dimension of the particle (µm) 
Minor Axis Width The shortest dimension of the particle (µm) 
Aspect Ratio Ratio between the longest and shortest particle dimension 
 
Table 3.5 Particle characteristics measured from optical micrographs using image 
analysis software. 
 
3.6.3 Particle Distribution Analysis 
A tessellation technique was also applied to assess the homogeneity of the spatial 
distribution of the refined particles. The method used was based on the work of Murphy 
et al., who has evaluated the best statistical approach for characterising the spatial 
distribution of SiC particles in metal matrix composites [Murphy et al., 1997]. Using 
the optical images and the Image Pro Analyzer programme, cells were first expanded 
from the edges of every individual particle until impingement, and the particles were 
then removed to generate a skeletal cellular image (fig. 3.8).  
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Fig. 3.8 Demonstrating the generation of a skeletal cellular image by tessellation from 
an original optical micrograph. 
Analysis of the resulting cell size distribution could then be used to quantify the 
homogeneity of the particle’s spatial distribution, as a function of their position and 
processing conditions. According to the work of Murphy et al., the best statistical 
parameter for characterising the homogeneity of the spatial distribution of the particles 
is the variance of the cell size distribution, as it gives an indication of the spread of 
values obtained [Murphy et al., 1997]. The cell size variance V can be calculated by: 
  
 
 
        
  
       (Eq. 3.4) 
where Ai is the area of the individual cell,    is the area average, and n is the number of 
items in the sample. In general, a high variance value will represent a heterogeneous 
particle distribution after FSP, with small and large cells corresponding to particle 
clusters and particle free regions, respectively (fig. 3.9a & fig. 3.9c). On the other hand 
a low variance value will indicate a more uniform cell size and a homogeneous spatial 
distribution (fig. 3.9b & fig. 3.9d). In order to reduce errors caused by differences in 
average particle size and particle density between images, the measured cell size 
distributions were normalized by taking the ratio of the real cell size distribution with 
that of a computer-generated random distribution of the same particle density (fig. 3.9e 
& fig. 3.9f).  
   
 
       
    (Eq. 3.5) 
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Fig 3.9 Optical micrographs taken from the (a) advancing and (b) retreating side of a 
typical PZ, (c) and (d) are their corresponding tessellated cellular images, and (e) and (f) 
shows the tessellated cellular image for a computer generated random distribution with 
the same particle density. The histogram shows the corresponding distribution of cell 
areas for (g) the advancing and (h) retreating side, compared to those for equivalent 
random distributions.  
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This procedure indicates the degree that the real distribution deviates from a random 
distribution, and is unaffected by variation in volume fraction and particle size. 
Examples of typical cell size distributions obtained from real and random data sets are 
shown in fig. 3.9g and fig. 3.9h, where it is possible to see that the less the real 
distribution deviates from the random distribution, the more homogeneous the particle 
spatial distribution. Ideally, if the normalised cell size variance ratio P1 is equal to 1, 
then the spatial distribution of the particles demonstrate a random distribution [Murphy 
et al., 1997]. If P1 is less than 1, then the particles show an ordered spacing, while P1 
greater than 1 indicates the existence of particle clustering within the microstructure 
[Murphy et al., 1997]. 
 
3.7 Grain Structure Characterisation 
FSP also alters and refines the grain structure of a material from its original state. In 
order to observe and measure the changes to the grain structure, the samples were 
anodised and examined by optical microscopy, as well as by Electron Back Scattering 
Diffraction (EBSD) in the SEM. 
 
3.7.1 Optical 
For grain size analysis, the samples were prepared the same way as for standard optical 
microscopy, but in addition, the surfaces of interest were anodised by submerging into a 
bath of barker’s reagent (242 ml H2O, 11.5 ml HBF4, 1.75 g H3BO3) for 45-50s, while a 
20 V voltage was applied across the sample. Due to differences in grain orientation and 
crystallographic oxidation rates, the exposed planes will oxidise with oxide layers of 
different thickness. As a result, the grains appear in different colours under polarised 
light, and by using optical microscopy, the grain structure of the material can be 
observed. However, limitations to the technique include the low resolution and 
problems when anodising materials containing a high volume fraction of particles. 
From the resulting optical micrographs, the mean grain size could then be estimated 
using the mean linear intercept method. For this technique, a line of known distance d 
was drawn onto the image, and the number of grains that the line intercepts n was 
counted. The mean grain size x was then calculated by: 
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    (Eq. 3.6) 
In order to improve the accuracy of the measurements, averages were taken from the 
mean grain sizes calculated using 5-6 lines from each individual image. 
 
3.7.2 Electron Back Scattering Diffraction (EBSD) 
Electron Back Scattering Diffraction (EBSD) was also used to characterise the grain 
structure. EBSD is generally conducted within a SEM, and the technique relies on the 
acquisition of backscatter diffraction patterns from the sample. Within the specimen 
chamber the sample is tilted at an angle between 60˚ to 70˚ from the horizontal toward 
the diffraction camera, and when the Bragg condition is satisfied, interaction between 
the electron beam and the atomic lattice will generate backscattering electron patterns. 
As the electron beam rasters across the sample, diffraction patterns are collected by the 
camera, and since diffraction pattern changes with grain orientation, the pattern varies 
from grain to grain. By indexing each pattern, orientation maps can be created, which 
can be used to intercept the grain structure and the texture of the material. As the size of 
the recrystallised grains commonly reported in FSP were approximately 3 μm [Su et al., 
2003; Johannes et al., 2007i; 2007ii], the step size used for the experiment was therefore 
selected to be 0.3 μm. 
The grain structure within the PZ was examined using EBSD after FSP. During 
mapping, only Al was accounted for in band matching with the diffraction pattern. Due 
to the high volume fraction of second phase particles within the alloys, the EBSD maps 
generally contained 50-60 % indexed data, and required selective image cleaning. 
Furthermore, although Si was not included for band matching, Si particles were often 
found to be mis-indexed as Al within the EBSD maps, due to similarity in the 
diffraction patterns between the Al and Si phases. From the resulting EBSD maps, 
statistical information, such as grain size, grain elongation, and etc could then be 
obtained. The higher resolution achievable by SEM in comparison to optical 
microscopy ensures that grain measurements from these images are more reliable and 
accurate. EBSD maps were also obtained from the stop-action samples. The change in 
grain structure were studied in front of the tool, in order to understand how the grain 
structure changes as material begins to be deformed and recrystallise as it enters the 
shear layer, and whether the refined particles have any influences on this. 
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3.8 Computer Models 
This project incorporated two computer models, which were used to help understand the 
microstructural refinement process during FSP. These Models allowed the local thermal 
and deformation conditions to be predicted, which after calibration could be related to 
the experimental observations. Firstly, a thermal model, using the finite element 
method, was used to determine the thermal profile as a function of position and time 
during FSP. A Computational Fluid Dynamics (CFD) model was also used to predict 
the stain and strain rate conditions around the tool pin for a more limited range of 
conditions. The modelling principle and the calibration procedures for both models are 
explained within this sub-section. 
 
3.8.1 ABAQUS Thermal Finite Element Model 
The thermal finite element model used in this project was adopted from work by 
Dickenson [Shi et al, 2003]. The model was implemented in ABAQUS [Hibbitt, 
Karlsson & Sorensen Inc., 2002], and was originally developed to predict temperature 
and residual stresses during FSW. The model was further developed by Richards 
[Richards, 2009], and has been used in this project to predict how the thermal field 
around the tool was affected changing the process parameters. The model uses a 
translating heat source applied to a material plate, in order to replicate the tool running 
through the material during FSP. To represent the heat input from the welding tool, two 
separate heat sources defined with Fortran77 DFLUX sub-routines [Ellis 1990] were 
used. The DEFLUX sub-routine is a section of code that is called by the ABAQUS 
software to define the power input to individual nodes on the material’s mesh. The two 
equations were used to define a circular surface area heat source and a cylindrical 
volume flux, representing the shoulder and pin respectively. For the shoulder, 
Q(r)shoulder is given by: 
             
        
                    
   (Eq. 3.7) 
where Rshoulder and Rpin are the shoulder and pin radius respectively, and Qtotal is the total 
power from the should. The equation for the shoulder flux takes into account the 
increase in velocity towards the edge of the shoulder, hence the flux is higher with 
107 
 
increasing radius. On the other hand, the pin flux Q(r)pin is not radius dependent and is 
therefore assumed uniform throughout: 
        
      
          
   (Eq. 3.8) 
The model is purely a thermal model and the net heat input, or power, Qtotal from the 
surface and the cylindrical sources are defined by the user. Due to the highly conductive 
nature of aluminium [Shi et al 1995], any heat dispersed by physical transport due to the 
flow of metal surrounding the heat sources is assumed to be zero. Modelling variables 
include the processing parameters, which affect the power input, the heat source 
dimensions, and plate geometry. The heat source dimensions were selected to be 
equivalent to the welding tool size, and the plate dimensions were also chosen to match 
the size of the processed plate. All these values are given in table 3.6. 
In order to mimic the FSP of the Al-Si alloys, thermo-physical property values 
corresponding to the real material were used to model the material behaviour and 
response. The density and specific heat capacity was assumed to be constant with 
temperature (2.71 g cm
-3
 and 963 J kg
-1
 K
-1
, respectively). However, the model 
accounted for temperature dependant thermal conductivity, in order to improve the 
accuracy of the results. The thermal conductivity of the alloys was measured using a 
thermal flash equipment, built at the University of Manchester. A cylindrical sample, 
with a radius and height of 4 mm, was placed into the machine, which was then heated 
by a laser heat pulse, within an argon environment. As the temperature of the sample 
increased, the thermal diffusivity α was measured using an infra-red detector, and the 
thermal conductivity k of the material can then be calculated using the equation: 
         (Eq. 3.9) 
where ρ and cp is the density and specific heat capacity of the material, respectively. 
These values are shown in table. 3.7. The heat transfer influenced by the environment, 
clamping, and the base anvil were modelled by introducing film conduction conditions 
onto the surface of the model plate to simulate the extraction of thermal energy away 
from the work piece. The positions of these regions were designed to mimic the real 
process setup, and their conduction values are shown in fig. 3.10.  
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User Defined Variables Values 
Surface Heat Source Diameter 20 mm 
Cylindrical Heat Source Diameter 6 mm 
Cylindrical Heat Source Length 5.8 mm 
Plate Length 296 mm 
Plate Width 210 mm 
Plate Thickness 24 mm 
Dwell Time 10 s 
Rotation Speed Varied (300-900 RPM) 
Transverse Speed Varied (100-400 mm min
-1
) 
Plate Ambient Temperature 25 °C 
 
Table 3.6 Values of the user defined variables used in the thermal model. 
  
Fig. 3.10 A schematic diagram showing the film conditions applied to the model to 
simulate heat loss and heat transfer to the backing plate and air. 
It should be noted that the ‘top flux’ is low, since this is the region where heat is applied 
to the work piece. On the other hand, the ‘back flux’, which is directly under the 
shoulder, has a higher conduction value, because contact between the work piece and 
backing plate is enhanced due to the extra pressure applied by the shoulder. Output 
nodes were selected for comparison to thermal measurements, and each temperature 
node (NT11) on the mesh (fig. 3.11) provides temperature data as a function of time, 
allowing time-temperature profiles to be predicted at any node position. A finer mesh 
was used around the shoulder and the pin, in order to generate higher resolution data, 
whereas a coarser mesh was applied to the remaining region of the plate to reduce 
computing time. 
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Temperature (°C) Thermal Conductivity (W K
-1
 m
-3
) 
20 166.7 
41 175.9 
60 168.6 
93 170.7 
125 171.0 
167 169.8 
225 169.5 
260 168.3 
350 159.4 
386 155.8 
425 151.1 
460 132.7 
 
Table 3.7 The measured temperature dependant thermal conductivity values used in the 
thermal model. 
 
Fig. 3.11 The meshed geometry used in the FE thermal model. 
In order to imitate the heat input from the tool during FSP, calibration of the net power 
input, and division between the surface and cylindrical heat source were achieved by 
matching thermal profiles, obtained from thermocouples placed at specific positions 
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within the plate (fig. 3.12), to those predicted by the model. Through trial and error, the 
power input was varied so that the differences in peak temperatures were no greater than 
10%, and showed well fitted heating and cooling curves. In this case, it was found that a 
net heat input division of 5/6 to 1/6 between the surface and cylindrical heat source, 
respectively, matched the model best. Examples of calibrated curves fitted to 
experimental data are shown in fig. 3.13, and the optimised calibration parameters used 
are provided in table 3.8. 
 
Fig. 3.12 A Schematic diagram showing the positions of the thermocouples used in 
calibrating the model. 
 
Fig. 3.13 Graph comparing the thermal profiles measured experimentally, FSP at 500 
RPM and 200 mm min
-1
, against the fitted model predictions. 
Rotation Speed (RPM) 300 500 700 900 
Shoulder Flux (W) 2000 2300 2600 2900 
Pin Flux (W) 400 460 520 580 
 
Table 3.8 The calibrated power inputs used in the model to represent the heat generated 
by the tool pin and shoulder during FSP of various processing parameter. 
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Like other purely fitted computer models, there are limitations and errors in a pure 
thermal model. In this case, the model is unable to imitate the changes to the heat 
generation by the tool, as material condition varies with temperature. During FSP, as the 
temperature of the material increases, the flow stress will be reduced, and the heat input 
will be significantly decreased. Therefore, when the temperature, flow stress, and heat 
input balances, the peak temperature will generally reach a steady state condition. 
However, in the model, the heat input is assumed to be constant, which often leads to 
over predictions in peak temperatures close to the tool surface, i.e. even when the data 
are fitted for steady state conditions, it is difficult to get a perfect match close to the tool 
surface. 
 
3.8.2 Computational Fluid Dynamics (CFD) Model 
The flow model used in this project was developed and produced by Colegrove 
[Colegrove et al., 2007]. The Colegrove model is built in a FLUENT environment 
[Fluent], and involves coupling a 3D thermal model, for calculating the heat flow, to a 
3D flow model for calculating the material flow and heat generation. The workpiece 
used in the model is generated using the GAMBIT software, and is subdivided into five 
different regions, as shown in fig. 3.14 [Colegrove & Shercliff, 2005]. Firstly, a rotating 
mesh that moves at the rotation speed of the tool represents a fluid region adjacent to 
the tool. This is surrounded by a stationary mesh, coarser and wider than the rotating 
region, which extends to the length of the plate, modelling the flow and thermal 
response of material that passes through the deformation zone. Further away from the 
tool is a solid region, which models the thermal response in the non-deforming material. 
Finally, the tool and the backing plates are also solid regions that are used to calculate 
the heat loss to these components. The modelling variables include the processing 
parameters, heat source dimensions, and plate geometry. The heat source dimensions 
were selected to be equivalent to the welding tool size, with a simple featureless tapered 
pin, while the plate dimensions were also matched to the size of the processed plate. All 
these values and the processing parameters that have been investigated using the model 
are given in table 3.9. 
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Fig. 3.14 Description of the mesh used for the model [Colegrove & Shercliff, 2005]. 
User Defined Variables Values 
Shoulder Diameter 20 mm 
Upper Pin Diameter 8 mm 
Lower Pin Diameter 6 mm 
Cylindrical Heat Source Length 5.8 mm 
Plate Length 296 mm 
Plate Width 210 mm 
Plate Thickness 24 mm 
Rotation Speed Varied (300-500 RPM) 
Transverse Speed Varied (100-200 mm min
-1
) 
Plate Ambient Temperature 25 °C 
 
Table 3.9 Values of the user defined variables used in the thermal model. 
In Colegrove’s model, the translating 3D thermal model is solved in steady state and 
predicts the temperature field around the tool from a uniform heat flux applied at the 
tool and workpiece interface. This is achieved by solving the differential equation: 
                (Eq. 3.10) 
where v is the velocity vector and equals [vweld 0 0], vweld is the welding speed, ρ is the 
density, h is the sensible enthalpy, k is the thermal conductivity and T is the temperature 
[Colegrove & Shercliff, 2007]. The model captures the effect of the tool translation, the 
thermal boundary conditions for the plate (same as those used in the ABAQUS model, 
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see fig. 3.10), and the thermal properties of the material (table 3.10). However, sources 
of error and discrepancy in the results include the transient processing conditions that 
exist in practice, uncertainty in the thermal conductivity and thermal boundary 
conditions, and the approximation in the heat generation model. Therefore, differences 
in temperatures between experimental thermocouple measurements and model 
predictions have been recorded by Colegrove [Colegrove et al., 2007]. 
User Defined Material Properties Values 
Solidus Temperature (K) 793 
Density (g cm
-3
) 2.71 
Specific Heat Capacity (JKg
-1
K
-1
) 963 
Thermal Conductivity (Wm
-1
K
-1
) 168 
 
Table 3.10 Values of the user defined material properties used in the flow model. 
The flow strength and viscosity of the material is influenced by the temperature, and in 
the Colegrove model, the predicted temperature field is then imposed on the domain of 
the 3D flow model. In the 3D flow model, material is considered to be translating past 
the rotating tool at the processing speed, and within the fluid region the momentum 
equations are solved.  To do so, the viscosity of the material µ is considered, which 
equals  /(3   ), and   is the material flow strength, which is a function of the temperature 
and strain rate [Colegrove & Shercliff, 2004; 2005]. The material flow strength refers to 
the ideal flow strength of the material, which ignores work hardening and the material’s 
elastic properties. The constitutive equation used to describe the hot flow strength of Al 
alloys was originally proposed by Sellars and Tegart [Sellars & Tegart, 1972], and 
modified by Sheppard and Wright [Sheppard & Wright, 1979]. This relationship is also 
known as the Zener-Hollomon parameter Z, and is given by: 
        
 
  
              (Eq. 3.11) 
where Q is the activation energy, R is the gas constant, T is the temperature, A, α and n 
are material constants and σ is the equivalent steady state flow stress.    is the effective 
strain rate given by: 
              (Eq. 3.12) 
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where   is the strain rate vector. However, using this constitutive relationship to 
describe the material behaviour during FSP presents several problems [Colegrove & 
Shercliff, 2006]. Firstly, the strain rates used for testing are well below the maximum 
values experienced within the shear layer near the tool. Secondly, the material is tested 
at temperatures below those experienced during processing, which can approach the 
solidus temperature. Since the typical maximum strain rate in FSP predicted by the 
model is ~500 s
-1
, and
 
it has been suggested that the flow stress increased with the strain 
rate according to the relationship up to strain rate of ~1000 s
-1 
for pure aluminium
 
[Harding, 1987], the temperature effect is therefore of greater concern because 
significant softening is likely to occur as the material approaches the solidus 
temperature. In order to account for this effect, Colegrove et al reduced the viscosity of 
the material by several orders of magnitude near the solidus temperature. The 
approximation adopted is for the flow strength to be linearly reduced from the Zener-
Hollomon value at an arbitrarily defined softening temperature Tm to 0 at the solidus 
temperature Ts. This regime is called the ‘empirical softening regime’, and was first 
proposed by Seidel and Reynolds [Seidel & Reynolds, 2003]. In this work, the high 
temperature flow stress of the material (Alloy-1) was measured by compression tests, 
using the procedure described in section 3.5.3. The results averaged for two samples for 
each condition are plotted for two strain rates against temperature in fig. 3.15. It can be 
seen that there is a progressive reduction in yield stress with temperature, and a linear 
drop in flow stress is assumed at an arbitrarily defined softening temperature, until a 
zero flow stress is reached at the solidus temperature. In comparison, the flow strength 
of the cast Al-Si alloy is generally lower than typical high strength aerospace Al alloys 
[Jin et al., 2000], due to the lack of strengthening precipitates within the microstructure. 
As a result, the material is expected to deform more readily, and the processing force 
will be low during FSP. 
In the Colegrove model, the material at the tool interface is assumed to adopt a fully 
sticking behaviour, therefore the velocity is equal to the rotational velocity rω, and 0 at 
the other boundaries. However, material slip can occur during FSP, and the shoulder 
contact will be incomplete, due to features on the tool and the tilting angle, so the strain 
rate and actual heat generation during FSP will be less than that for full contact and 
stick. Therefore both of these effects are ‘accounted for’ in the model by defining a 
fitted ‘contact radius’ for the shoulder. Once the flow has been calculated, the heat flux 
generated from viscous dissipation across the pin and shoulder surface are found from: 
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               (Eq. 3.13) 
which is the product of the shear stress at the surface (3
1/2
µ   ) and the wall velocity (rω) 
[Colegrove et al., 2007]. This heat flux is imposed back into the translating 3D thermal 
model, which is then solved using the updated heat flux. This continuous process is 
repeated until the solution converges, such that there is no further change in the heat 
generation, temperature and flow field. From the converged flow model, results such as 
the development of the strain field surrounding the tool can be predicted, and the 
behaviour of material that follows specific flow paths into and around the tool can be 
investigated. In the work performed here, once the material calibrated data had been 
obtained (e.g. fig. 3.15), the results from this approach were then compared for different 
processing parameters. 
 
 
Fig. 3.15 Graph showing the measured change in flow stress as a function of 
temperature and strain rate, for Alloy-1, which has been used for calculating the Zener-
Hollomon constants, as well as the assumed empirical softening region used just below 
the solidus temperature. 
 
Material A (s-1) Q (J mol-1) n  α (MPa-1) 
Alloy-1  1.36E+09  137000  1.59814  0.06441 
 
Table 3.11 Zener-Hollomon constants used in the model. 
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Chapter 4  
Microstructures Prior to FSP 
4.1 Introduction 
The microstructure and morphologies of the second phase Si and intermetallic particles 
within cast Al-Si alloys are greatly influenced by composition, cooling rate from 
casting, and chemical modification [Elliot, 1983]. In commercial Al-Si A380 alloy 
castings with a slow cooling rate and no chemical modification, the Si particles will 
develop a eutectic flake morphology, along with large lacy eutectic Al2Cu, and coarse 
script α AlFeMnSi [Daykin, 1997].  
As detailed in section 3.1, the alloys used for the investigation were all die-cast within a 
steel mould without chemical modification of the Al-Si eutectic, and the composition of 
the alloys is shown in table 3.1. To investigate the effect of FSP on the microstructure 
of the Al-Si alloys, all three alloys were first fully characterized before processing. 
Micrographs obtained from the materials were used for grain and particle 
measurements, and the second phase particles developed within the cast alloys were 
identified using XRD and EDAX. The phases formed were also compared to predictions 
from thermodynamic software JMatPro. 
 
4.2 Grain Structure Analysis 
Before FSP, the grain structures of all three Al-Si alloys after casting were found to be 
very coarse, and this can be seen from the anodized samples in fig. 4.1. Depending on 
the composition and also the location, the size of the grain/eutectic cells ranged from 2-
10 mm. In general, the grains within the hypoeutectic alloy, Alloy-1, were coarser (~10 
mm) than the ‘grains’ present in the hypereutectic alloys, Alloy-2 and Alloy-3 (~2 mm), 
as shown in fig. 4.2. This is because the hypereutectic alloys contained a higher Si level 
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which changes the solidification path, and promotes solidification via the nucleation and 
growth of primary Si and eutectic cells, rather than the primary α Al phase. In addition, 
the grains closer to the surfaces of the plates were also found to be finer than those 
developed at the centre of the material, due to the higher cooling rate. 
 
 Fig. 4.1 Optical images viewed under polarised light of the anodised samples showing 
the original cast microstructure taken from the centre of Alloy-1 before FSP. 
 
 
Fig. 4.2 Macrograph images of the grain structure from (a) Alloy-1, and (b) Alloy-2. 
The eutectic cells in Alloy-2 are finer than the grains in Alloy-1 due to the higher Si 
content. 
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4.3 Second Phase Particle Analysis 
Irregular Si and intermetallic particles were found throughout the microstructure of all 
three cast alloys, and their micrographs are shown in fig. 4.3. With the Al-Si alloys 
being close to the eutectic composition, primary Al-dendrites and faceted flake Si 
eutectics developed within all the alloys [Daykin, 1997], but coarse cubiodal primary Si 
was only observed within the hypo-eutectic alloys, Alloy-2 and Alloy-3. Other irregular 
intermetallic phases could be found throughout the alloys. The microstructure of Alloy-
3 was the most complex, due to the high concentration of Ni added to this alloy in order 
to improve high temperature performance.  
By analysing the optical images, the mean particle sizes of the Si and intermetallic 
particles were calculated (shown in table 4.1). For all three alloys, the mean particle 
equivalent circular diameter (ECD) (see section 3.6.2) was greater than 10 μm, and 
large variations in aspect ratio were also observed, with values typically ranging from 1-
10. The average aspect ratio of the particles was highest in Alloy-1 (~3.7), and lowest 
for Alloy-3 (~2.6). This is due to the development of increased volume fraction of 
regular primary Si particles within the hypereutectic alloys. The mean thickness of the 
flake eutectic Si was 3 μm, and the mean particle ECD for the primary Si was 25 μm. 
However, these averaged numerical measurements of the size and aspect ratio of the 
particles do not give a good representation of the wide range of particle geometries, and 
should only be used to provide some idea of the shape and dimensions of the particles. 
This is because the microstructure of the cast alloys varied considerably, depending on 
the location, and the morphologies of most phases within the alloys were complex and 
irregular, particularly when they had a fine eutectic structure. Under these 
circumstances, simple visual observation of the microstructure can sometime give 
clearer information of the microstructure than quantitative measurements. 
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Fig. 4.3 Optical images showing the as cast microstructure of (a) Alloy-1, (b) Alloy-2 
and (c) Alloy-3, taken from the centre of an ingot slice. 
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Alloy-1 Alloy-2 Alloy-3 
Average Particle ECD (µm) 15.4 12.8 11.4 
Average Aspect Ratio 3.7 3.5 2.6 
 
Table 4.1 The average ECD and aspect ratio of the Si and intermetallic particles within 
the Al-Si cast alloys. 
 
4.4 Phase Identification 
The compositions of the alloys studied are given in table 3.1. Based on these 
compositions, the phases that might be present within each of the alloys were predicted 
using JMatPro, thermodynamic software based on the CALPHAD methodology 
[Saunders & Miodownik, 1998; Spencer, 2008]. The results of this prediction for Alloy-
1 are shown in fig. 4.4a, and suggest that the major phases developed within the cast 
alloy on solidification to room temperature (30 °C) should be Si, Al2Cu, α-AlFeMnSi, 
AlFeSi, and MgZn2. To no surprise, the calculated results for Alloy-2 (fig. 4.4b) show 
the same phases should be developed within both alloys, since the compositions are 
very similar. The main difference in the result is that a higher weight fraction of the Si 
phase is predicted for Alloy2, and this is because this alloy contains a higher content of 
Si. A comprehensive reviews of the phases in Al-Si alloys can be found in [Daykin, 
1997; Edwards, 2002] and agree with the results presented here. 
The results from XRD, shown in fig. 4.5, also matched very well with the phases 
predicted from JMatPro. The hypoeutectic and hypereutectic Al-Si alloys with low Ni 
content, Alloy-1 and Alloy-2 respectively, appear to develop similar phases. Apart from 
the Al matrix, the major phases found within the two alloys are Si, Al2Cu, and α-
AlFeMnSi. While other minor phases might exist within both alloys, due to their fairly 
low volume fraction, they are harder to detect using XRD [Daykin, 1997].  
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Fig. 4.4 Graphs showing the predicted development of the different phases for (a) 
Alloy-1, (b) Alloy-2 and (c) Alloy-3 on solidification, and weight % of the phases 
within each alloy at 30 ˚C, predicted using JMatPro. 
 
(a) 
(b) 
(c) 
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Fig. 4.5 XRD spectra for (a) Alloy-1, (b) Alloy-2 and (c) Alloy-3, with the identified 
phases shown below, obtained by comparing the spectra with the powder diffraction 
data base.  
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From JMatPro, the major phases predicted to be present within Alloy-3 were Si, 
Al9FeNi, Al7Cu4Ni, α-AlFeMnSi, and MgZn2 (fig. 4.4c). By adding a greater wt% of Ni 
to the hypereutectic Al-Si alloy, more phases will therefore be expected to develop 
compared to the standard LM24 composition and Alloy-2. The volume fraction of Si 
remained fairly high. However, the quantity of Al2Cu particles and α-AlFeMnSi 
intermetallics were predicted to be significantly reduced. On the other hand, more Ni 
containing phases were predicted to be formed, namely Al9FeNi and Al7Cu4Ni, which 
are crucial for high temperature performance [Ye et al., 2003]. In general, these 
predictions agreed with the XRD results shown in fig. 4.5c. However, a notable increase 
of Mg2Si particles was observed, whereas JMatPro predicted the formation of MgZn2 
and not Mg2Si, even though MgZn2 was not observed in the XRD results of all three 
alloys. Other minor phases are also believed to be present within Alloy-3, for example 
Al5Cu2Mg8Si6 is often found in commercial piston alloys, but this phase is hard to 
detect using XRD because it has a very low volume fraction [Daykin, 1997].  
The phases within the three different Al-Si alloys were also examined using EDX. EDX 
allows each phase to be identified individually by its composition, so that the 
morphology of the individual phases can be studied in detail. 
 
4.4.1 Morphology of Individual Phases 
Si 
Within all three alloys, a high volume fraction of Si particles was observed, examples of 
which are shown in fig. 4.6 and fig. 4.7. As expected, both eutectic and primary Si 
particles were found within the hyper-eutectic alloys, Alloy-2 and Alloy-3, whereas 
only eutectic Si was seen within the hypo-eutectic alloy, Alloy-1. At low cooling rates, 
primary Si appears as regular facetted rhombohedral particles within the microstructure 
[Elliot, 1983; Daykin, 1997; Gupta & Ling, 1999] (fig. 4.7). In comparison, eutectic Si 
can develop into either flakes or fibres, depending on the cooling rate and chemical 
modification [Elliot, 1983]. Due to the relatively low cooling rate and lack of chemical 
modification, flake Si was seen in all three alloys (fig. 4.3). Unfortunately, Si particles 
are very difficult to detect using SEM backscattered electrons imaging, since Al and Si 
have similar atomic numbers. However, Si particles show up more clearly in the optical 
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microscope in a black or slate grey colour, before and after etching respectively 
[Daykin, 1997].  
 
Fig. 4.6 Optical image of (a) primary Si surrounded by eutectic Si flakes within Alloy-
2, and (b) primary Si clustering observed within Alloy-3. 
 
Fig. 4.7 Examples of (a) primary Si particles and (b) eutectic Si flakes observed by 
backscattering electron imaging. (b) & (c), and (e) & (f) are their corresponding 
elemental EDX elemental maps, respectively. 
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Generally, the Si particles within the alloys were found to be coarser with increasing 
distance away from the surfaces of the cast plate. This is because the material in the 
centre undergoes a slower cooling rate than the material closer to the surfaces. 
Therefore, at the centre there is a lower nucleation rate and more time for growth 
[Elliot, 1983]. It is possible to observe from fig. 4.3 that the eutectic Si flakes were 
similar in morphology and size within all three alloys. The primary Si particles were 
found to develop mostly in clusters within Alloy-3 (fig. 4.6b). 
 
Al2Cu 
The morphology of the Al2Cu phase present within Alloy-1 and Alloy-2 is shown in fig. 
4.8. This phase was found to have an irregular eutectic morphology, and varied 
considerably in size throughout the microstructure. Optically, Al2Cu has a pale pink 
colour, both before and after etching [Daykin, 1997; Edwards, 2002].  
On the other hand, only very small quantities of Al2Cu were found within Alloy-3. This 
is because, with a high Ni content, the Cu combines with Ni to form other phases 
[Daykin, 1997]. It has been reported that approximately 5 wt% Cu is required for Al2Cu 
to develop within commercial piston alloys with a high Ni content [Daykin, 1997]. 
 
Fig. 4.8 Images showing examples of Al2Cu phase morphology present within Alloy-1 
and Alloy-2. (a) Optical, (b) to (d) backscatter electron images, and EDX elemental 
maps. 
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α-AlFeMnSi 
A significant volume fraction (~1.5 %) of α-AlFeMnSi intermetallic particles were 
found throughout the microstructure of Alloy-1 and Alloy-2, examples of which are 
shown in fig. 4.9 and fig. 4.10a. This phase has been commonly seen to develop into a 
coarse script morphology [Daykin, 1997; Edwards, 2002]. Optically, the phase changes 
from a grey colour before etching to a light brown colour after etching, which darkens 
with longer etching time [Daykin, 1997].  
α-AlFeMnSi is based on the cubic ternary phase AlMnSi phase, but since a large 
amount of Fe is substituted for Mn, the phase is referred to as the quaternary α-
AlFeMnSi compound. It has been reported that Cu, Cr, V, and Ni [Daykin, 1997] can 
also be substituted for Mn, so the composition of the phase varies considerably and 
depends largely on the composition of the alloy. However, the accepted chemical 
formula for the phase is Al12(Cu,Fe,Mn,)3Si2 [Daykin, 1997]. It should be noted that 
compared to Alloy-1 and Alloy-2, the volume fraction and size of the α-AlFeMnSi 
intermetallics observed in Alloy-3 was significantly reduced (fig. 4.10f). 
 
Fig. 4.9 Examples of optical images of the α-AlFeMnSi phase within Alloy-1 and 
Alloy-2. The appearance of the phase changes from (a) a grey colour before etching, to 
(b) a pale brown colour after etching in Kellers reagent. 
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Fig. 4.10 Examples of the morphologies of α-AlFeMnSi phase from (a) Alloy-1 and (f) 
Alloy-3 shown by backscatter electron imaging. (b) to (e), and (g) to (j) their 
corresponding elemental maps, respectively. 
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Al9FeNi 
The Al9FeNi phase was only observed within Alloy-3, examples of which are given in 
fig. 4.11 and fig. 4.12. This is due to the higher Ni content present within this alloy, 
which causes more Ni containing phases to form, and reduces the volume fraction of α-
AlFeMnSi. Al9FeNi can form large particles within the microstructure, and the phase 
can take a variety of morphologies, ranging from thick plate to coarse script [Daykin, 
1997; Edwards, 2002]. In addition, the phase can adopt either a dark brown or a dark 
blue grey colour after etching [Daykin, 1997]. In the alloy studied here, the phase 
adopted a coarse irregular eutectic morphology. 
 
Fig. 4.11 Optical images of Al9FeNi particles after etching within Alloy-3. It is possible 
to see that the phase can take either a brown or a dark blue colour. 
 
Fig. 4.12 (a) SEM backscatter electron images, and (b) to (d) EDX elemental maps 
showing an example of the Al9FeNi phase found in Alloy-3. 
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In commercial alloys, small traces of Mn, Fe, Cr, and Mg are usually also combined 
into the Al9FeNi phase [Daykin, 1997]. It had been found that the real composition of 
the phase varies, and can differ from particle to particle [Daykin, 1997]. 
 
Al7Cu4Ni 
The Al7Cu4Ni phase (examples of which are shown in fig. 4.13) was only seen to be 
present within Alloy-3, and was found throughout the microstructure. This phase 
usually takes a coarse script like morphology, and after etching, Al7Cu4Ni can be 
identified as pale grey/brown particles [Daykin, 1997]. The appearance of Al7Cu4Ni is 
very similar to that of the Al3Ni2, and these phases are only distinguished by a higher 
Cu composition present within the Al7Cu4Ni phase [Edwards, 2002]. 
  
Fig. 4.13 (a) SEM backscattering electron images, and (b) to (d) EDX elemental maps 
showing the morphology of the Al7Cu4Ni phase found throughout Alloy-3. 
 
Mg2Si 
Small amounts of Mg2Si were also observed within Alloy-3 (shown in fig. 4.14), but the 
volume fraction of the phase was very low and it was fine in size. Generally, Mg2Si is 
reported to adopt a Chinese script eutectic morphology [Daykin, 1997; Zhang, 2002]. 
However, here the volume fraction was so low it was mostly found as small irregular 
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particles precipitated on larger Al7Cu4Ni plates. The phase has been reported to have a 
Mg to Si ratio of 2:1, hence it is given the chemical formula Mg2Si [Daykin, 1997]. 
However, traces of other elements can also be found within it, and in particularly the 
concentration of Cu and Ni are often found to be greater than 0.1 wt% [Daykin, 1997]. 
 
Fig. 4.14 Traces of Mg2Si particles found within Alloy-3, shown in the SEM by (a) 
back scattering imaging, and (b) and (c) EDX elemental mapping. 
 
4.5 Summary 
Overall, the microstructures of the original cast Al-Si alloys used in the experiments 
were very coarse. The hypoeutectic A380 cast alloy, Alloy-1, developed large grains up 
to ~10 mm in diameter, containing coarse eutectic Si and irregular intermetallic 
particles having an average ECD of 14.4 µm. With increased Si and Ni content, the 
microstructures of the hypereutectic alloys, Alloy-2 and Alloy-3, were slightly refined. 
The average grains size were reduced to ~2-3 mm, and the average ECD of the Si and 
intermetallic particles reduced to 11.8 µm and 10.4 µm, respectively.  
Table 4.2 gives a summary of the phases that were present within the three Al-Si cast 
alloys. The major phases found within Alloy-1 and Alloy-2 were Si, Al2Cu and α-
AlFeMnSi. However, primary Si was only observed within the hypereutectic alloy. On 
the other hand, due to the high concentration of Ni present within Alloy-3, Ni 
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containing phases, unseen in Alloy-1 and Alloy-2, developed and the volume fractions 
of Al2Cu and α-AlFeMnSi were significantly reduced, due to Cu and Fe being 
combined into the Al7Cu4Ni and Al9FeNi phases. 
Phase Morphology 
Alloy1 Alloy2 Alloy3 
 
Volume 
Fraction (%) 
 
Volume 
Fraction (%) 
 
Volume 
Fraction (%) 
Eutectic Si Flake/Plate x 8.5 x 
11.7 
x 
12.0 
Primary Si Rhombohedral - - x x 
Al2Cu Irregular Eutectic x 5.6 x 5.1 - - 
α-AlFeMnSi Coarse Script x 1.6 x 1.5 x 1.4 
Al9FeNi Flakes/Plate - - - - x 6.3 
Al7Cu4Ni Coarse Script - - - - x 5.9 
Mg2Si Chinese Script - - - - x 1.0 
  
Table 4.2 Summary of phases observed in the three Al-Si alloys studied. The volume 
fraction is predicted using JMatPro. 
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Chapter 5  
Particle Refinement in FSP 
5.1 Introduction 
The primary objective of this project was to investigate more quantitatively, than has 
previously been reported, the effect of FSP on the microstructure of near eutectic Al-Si 
alloys, and the influence of the process parameters involved on the level of refinement 
and homogeneity of particle spatial distribution that can be achieved. The experimental 
results presented in this chapter mainly concentrate on the level and homogeneity of the 
particle refinement seen after FSP. The microstructure of the as-cast materials will be 
compared to that after FSP, and the influences of processing parameters on the 
refinement process will be studied, via analysis of the particle sizes as a function of 
position within the process zone, as well as the homogeneity of their spatial distribution.  
 
5.2 Overview 
The experiments discussed in this section mainly concentrate on the effect of FSP on 
the hypoeutectic Al-Si alloy, Alloy-1, with a view to first providing an overview of the 
general effects observed in FSP, before focusing in more depth on specific areas of 
interest. In general, the microstructure of the cast Al-Si alloys was found to be greatly 
refined by FSP, as has been reported previously by other authors [Sharma et al., 2004; 
Santella et al., 2005; Ma et al., 2006i]. Images of a typical FSP track, processed at a 
transverse speed of 200 mm min
-1
 and a rotation rate of 500 RPM, are shown in fig. 5.1, 
where the sample has been anodized, and the region indicating the processed zone (PZ) 
marked. 
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Fig. 5.1 Images of (a) the cross section and (b) the mid-depth horizontal plane from a 
friction stir processed track, produced in Alloy-1, using a, transverse speed of 200 mm 
min
-1
 and rotation rate of 500 RPM. The process zone (PZ) appears ‘misty’ white in the 
images.  
 
Fig. 5.2 Optical micrographs of the (a) original cast microstructure of Alloy-1, and after 
FSP with a 200 mm min
-1
 travel speed and 300 RPM rotation rate, from (b) the 
advancing edge and (c) retreating side, at mid-depth of the PZ. 
Examples of optical micrographs taken from the as-cast material are shown and 
compared to that of the advancing and retreating side of the PZ at the mid-plane in fig. 
5.2. After FSP, all the second phase particles (e.g. Si, Al2Cu, and α-AlFeMnSi, see 
section 4.4) were greatly refined, and the shape of the broken up particles was more 
rhombohedral. As a result, the size and aspect ratio measured for these particles using 
image analysis was much more accurate and reliable than when trying to quantify the 
initial irregular cast microstructure (see section 4.2). A clear reduction in size and aspect 
ratio can be observed, and this was expected, since the Si flakes and coarse eutectic 
intermetallic particles are readily broken up by the rotating tool during FSP [Sharma et 
al., 2004; Ma et al., 2006i].  
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An example of a typical macro-image of the PZ, with key regions highlighted, produced 
by FSP with a transverse speed of 200 mm min
-1 
and a rotation rate of 300 RPM is 
shown in fig. 5.3a. In general, the PZ develops several observable features. Firstly, a 
distinct region of greatly refined microstructure is found just below the tool shoulder. 
Within this thin surface layer, the particles are fine in size and are homogeneously 
distributed (fig. 5.3b). In comparison, there is a zone directly below the surface layer, 
towards the retreating edge of the PZ, where the particles tended to be larger and less 
uniformly distributed. This region of the PZ is termed the ‘flow arm’ [Seidel & 
Reynold, 2001; Mishra & Mahoney, 2007], and was generated by the trailing rear of the 
tool shoulder, which rotates over the material that the tool pin passed through, causing 
material to be dragged across the weld from the less deformed TMAZ into the PZ. It can 
further be seen in fig. 5.3c that the boundary between the PZ and the TMAZ on the 
advancing edge was found to be defined by a sharp transition, from the coarser 
unaffected microstructure to the refined microstructure containing fine and 
homogeneous distributed particles. On the other hand, the transition region on the 
retreating edge was wider, and the particles showed a more gradual change in size (fig. 
5.3d). Although ‘onion rings’ were not readily observed in FSP of this material, in cross 
section the distribution of the particles on the retreating side of the PZ were generally 
less homogeneous, and developed particle rich (fig. 5.3e) and particle free (fig. 5.3f) 
regions. Examples of particle banding were, however, observed in horizontal sections 
(fig. 5.4) with a wavelength that correlated to the pitch [Krishnan, 2002], and this will 
be discussed in more detail in chapter 7.3. 
 It was found that the microstructures were not homogeneous throughout the PZ, either 
in terms of the level of particle refinement or spatial distribution. In order to investigate 
these observations in more detail, the microstructure across and down the centre of the 
PZ were analysed by image analysis (fig. 5.5 & fig. 5.6). In general, the refined particles 
were found to be finer and more homogenous on the advancing side than the retreating 
side of the PZ. This finer distribution of particles can be observed throughout the 
advancing side of the DRZ in fig. 5.5. However, from the centre line to the retreating 
side of the PZ, the particles were coarser and less homogeneously distributed (see fig. 
5.5b). Finally, moving into the process zone boundary, the particles progressively 
increased in size, back to that of the particles within the parent material. In order to 
quantify the homogeneity of the microstructure, a tessellation method described in 
section 3.6.3 was used [Murphy et al., 1997]. The tessellated cell images for the 
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corresponding optical images are shown in fig. 5.5c. From these images, it is possible to 
see that the spatial distribution of the particles clearly changes across the PZ. The 
microstructure on the advancing side of the PZ shows a more homogeneous and 
uniform distribution of refined particles. However, the particles became less 
homogeneously distributed toward the retreating side, and particle rich and particle poor 
regions started to develop. The broken up particles located in this region of the PZ are 
not as well distributed, and remain mostly together as clusters within the microstructure. 
 
Fig. 5.3 (a) Macro-image showing examples of the main features seen within a typical 
PZ, generated with a transverse speed of 200 mm min
-1 
and a rotation rate of 300 RPM. 
High magnification optical micrographs show (b) the refined surface layer, (c) the 
transition layer on the advancing side, (d) the transition layer on the retreating side, (e) a 
particle rich region, and (f) a low particle density region. 
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Fig. 5.4 Image showing the particle bands observed from plan view, along the centre 
line of the PZ mid-plane, after FSP at a tranvserse speed of 200 mm min
-1
 and a rotation 
rate of 300 RPM. 
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Fig. 5.5 (a) Macro-image of the PZ produced at a transverse speed of 200 mm min
-1
 and 
a rotation rate of 300 RPM, indicating the line along which particle analysis was carried 
out across the mid-plane of the PZ. (b) Optical micrographs taken from the 
corresponding positions of the PZ, (c) tessellated cell images generated from these 
images, and (d) graph showing the particle size and spatial distribution measured from 
the cell size variance across the PZ. 
Differences in the refined microstructure were also observed down the centre of the 
processed zone (fig. 5.6). Due to the influence of the rotating tool shoulder, a thin 
surface layer can be seen on all the samples, in which the particles were finely broken 
up and homogeneously distributed (fig. 5.6b) (The effect of the shoulder is further 
discussed in section 5.3). Such refinement and mixing at the surface of the workpiece 
under the shoulder has also been observed by Colligan [Colligan, 1999]. However, the 
material just below the refined surface layer appeared to have been subjected to a lower 
degree of deformation, and the particles were larger and less evenly distributed. 
Gradually moving down the PZ, the refined microstructure slowly improved, and the 
138 
 
size and distribution of the particles at the bottom of the PZ was similar to that of the 
surface layer. Similar effects on the particle spatial distribution can also be observed 
vertically down the centre of the PZ (fig. 5.6c), where greater homogeneity is achieved 
closer to the base, than the surface of the PZ (excluding the surface layer). 
 
Fig. 5.6 (a) Macro-image of the PZ produced with a transverse speed of 200 mm min
-1
 
and a rotation rate of 300 RPM, indicating the line along which particle analysis was 
carried out down the centre of the PZ. (b) Optical micrographs taken from the 
corresponding positions of the PZ, (c) tessellated cell images generated from these 
images, and (d) graph showing the particle size and spatial distribution across the PZ. 
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5.3 Effect of Processing Parameters on Particle Refinement by the Tool 
Shoulder 
In order to better understand the separate influences caused by the tool shoulder and the 
pin on the microstructure during FSP, experiments were also carried out with a pin-less 
tool using the same processing conditions and parameters. By doing so, the 
microstructural changes caused entirely by the tool shoulder could be examined 
independently. This could then be compared against the refined microstructure within a 
standard PZ to indentify the effect caused by the tool pin. Furthermore, variations to the 
microstructure caused by the shoulder with changing rotation rate were also studied. 
After processing using a pin-less tool, the microstructure within a layer of material 
below the contact interface was found to be refined within all the samples. The refined 
layer was deepest in the middle and stretched across the entire shoulder contact area 
(fig. 5.7). In general, the PZ developed a ‘dish’ geometry, where the thickness of the 
refined material was least at the edge of the tool, and deepest across the central region. 
The thickness of the surface layer reduced from ~2.2 mm to ~0.3 mm as the rotation 
rate increased from 300 RPM to 900 RPM, with a transverse speed of 200 mm min
-1
 
(fig. 5.8). The variation in the thickness of the refined layer is thought to be related to 
changes in the material flow condition as the peak processing temperature increases 
with rotation rate. At lower temperatures, the flow of material under the shoulder is 
believed to be governed by a ‘stick’ behaviour, which causes a large volume of material 
to shear surrounding the tool [Schmidt et al., 2004]. As the temperature increases, the 
material is thought to adopt a ‘slip’ behaviour, or a narrow shear layer of very soft 
material develops close to the tool surface, causing deformation to become more 
localised [Schmidt et al., 2004]. Further evidence of this phenomenon will be presented 
and discussed in section 6.3. 
 
Fig. 5.7 Macro image showing the advancing half of the PZ generated by using a pin-
less tool, and FSP with a 200 mm min
-1
 transverse speed, and 500 RPM rotation rate. 
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Fig. 5.8 Optical micrographs showing the depth of the refinement layer at the centre of 
the PZ generated by a pin-less tool, after FSP at 200 mm min
-1
 transverse speed, with 
rotation rates of (a) 300 RPM, (b) 500 RPM, (c) 700 RPM and (d) 900 RPM. 
Within the PZ under the pin-less tool, the particles were homogeneously distributed, 
with a mean particle ECD of ~2 µm, observed throughout the depth of the refined layer. 
Changing the rotation rate was found to have little significant effect on the spatial 
distribution, or mean particle size immediately below the contact surface (table 5.1). 
Furthermore, a sharp and narrow transition zone was seen at the base of the PZ, where 
the particle size rapidly increased back to the size of the original cast microstructure 
(fig. 5.9). This is because the tool shoulder is very effective in mixing and redistributing 
the refined particles throughout the whole of the shear volume. Unlike typical friction 
stir processes with a pin, where deformation is largely confined to the tool pin, and 
material is transported from the front of the pin to the back, the shoulder effectively 
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‘stirs’ the material underneath the tool as it travels across the surface of the workpiece 
[Shinoda & Kawai, 2003]. As a result, particles at the edge of the shear zone were also 
refined and homogeneously distributed. A further reason for this effect could be because 
the particles are refined to a minimum particle size at a relatively low strain, leading to 
the step-function seen in fig. 5.8. 
Rotation Rate (RPM) 300 500 700 900 
Mean Particle ECD (µm)  2.27 2.43 2.38 2.35 
 
Table 5.1 Mean particle ECD within the PZ of Alloy-1, FSP with a pin-less tool, as a 
function of rotation rate. 
This refinement in the microstructure caused simply by the tool shoulder has lead to 
increasing development towards the use of pin-less tools for welding thin sheet 
materials [Luan et al., 2010], and the potential use of pin-less tool in fiction stir spot 
welding has also been established [Tozaki et al., 2007; Bakavos et al., 2010; Fukumoto 
et al., 2010].  
 
Fig. 5.9 Graph showing the change in mean particle size down the PZ generated with a 
pin-less tool processed at a transverse speed of 200 mm min
-1
 and a rotation rate of 300 
RPM. 
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5.4 Effects of Processing Parameters on Particle Refinement by the 
Tool Pin and Shoulder. 
When there is a pin present on the tool, the refinement layer produced by the shoulder 
can still be clearly observed. In addition, the volume of material that interacts with the 
tool pin as it transverse during FSP is also refined, as can be seen in section 5.2. 
However, the cross section area and geometry of the PZ associated with the pin was 
found to be altered by changing the processing parameters, as can be seen from fig. 
5.10. At low rotation rates, the PZ developed the typical ‘basin’ geometry [Ma et al., 
2006i], where a large region of material was affected by FSP. Whereas, increasing the 
rotation speed was found to encourage the development of a ‘top hat’ geometry, in 
which the volume of the PZ reduced and deformation became much more localised 
around the pin and shoulder surfaces. This alteration to the geometry of the PZ is caused 
by changes in flow behaviour of the material during FSP, as the peak temperature 
experienced by the material increases with increasing rotation rate [Colegrove et al., 
2003; 2007]. This can be observed from thermal and flow models, which will be 
discussed in chapter 6. At low processing temperatures, the interaction between the pin 
and the material is believed to adopt a ‘sticking’ behaviour [Colegrove et al., 2000; 
Schmidt et al., 2004], hence a large shear volume develops around the tool, and material 
further away from the edge of the pin will also be refined during FSP. On the other 
hand, the interaction changes to a narrow shear layer or ‘slip’ behaviour at higher 
temperatures, as the material becomes very soft close to its melting point at the tool 
surface [Colegrove et al., 2000; Schmidt et al., 2004]. The softer material concentrates 
deformation and prevents further material surrounding the pin from being sheared, and 
the PZ becomes more localised around the rotating pin. 
Similar, but less dramatic changes to the geometry of the PZ can also be observed when 
the transverse speed was altered (fig. 5.10) because the heat input in FSP is more 
closely related to the rotation rate than the transverse speed [Colegrove et al., 2003; 
2007; Mishra & Ma, 2005]. Increasing the transverse speed reduces the line energy and 
processing temperature, promoting the development of the ‘basin’ geometry, with an 
increased volume of the PZ. On the other hand, deformation becomes much more 
localised and defined by the pin at low transverse speeds, as the processing temperature 
was again increased. 
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Fig. 5.10 Images showing the change in the cross section of the FSP zone as a function 
of rotation rate and transverse speed. 
The formation of defects was observed within several of the PZs, and was found to be 
encouraged under certain processing conditions (fig. 5.10). Defects tended to develop 
within the PZ when the process temperature was either too low, or too high. Insufficient 
heat input meant that the material can not be readily deformed during FSP, whereas 
over heating can result in localised melting within the PZ [Kim et al., 2006; Chen et al., 
2006]. Both of these effects can change the flow behaviour of the material, and cause 
‘cavity’ defects to develop [Kim et al., 2006; Chen et al., 2006].  
Within the PZ, the thickness of the surface layer generated by the tool shoulder with a 
pin tool was found to have reduced in comparison to in the pin-less experiments. At a 
transverse speed of 200 mm min
-1
 and a rotation rate of 300 RPM, the surface layer was 
reduced from 2.2 mm to 0.6 mm when a pin was present on the tool. This suggests that 
not only does the pin have its own effects on the microstructure, but it also influenced 
by the effect of the tool shoulder. Firstly, the surface area of the shoulder was reduced 
when the pin was present on the tool. The processing temperature was altered [Tang et 
al., 1998], with the shoulder to pin heating ratio typically ~9:1 for thin sheets, and up to 
~4:1 for thicker sections [Catchpole, 2008]. Furthermore, having the pin passing 
through the material clearly affected the flow behaviour within the PZ. However, 
similar to that observed from the pin-less tool experiments (section 5.3), increasing the 
rotation rate also reduced the thickness of the refined surface layer. This was reduced 
from 0.6 mm at 300 RPM to 0.15 mm at 900 RPM (fig. 5.11). In addition, the size of 
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the ‘flow arm’ was also found to change with the process parameters, as shown in fig. 
5.12. Increasing the rotation rate, or reducing the transverse speed, caused the ‘flow 
arm’ to shrink. Both of these changes to the size of the surface layer and the ‘flow arm’ 
can be related to the processing temperature. At low processing temperatures, the 
material adopts a ‘sticking’ behaviour, which causes a larger volume of material 
surrounding the tool to shear [Colegrove et al., 2000; Schmidt et al., 2004]. As a result, 
the tool shoulder affected material down to a greater depth away from the surface, 
therefore the thickness of the surface layer and the size of the ‘flow arm’ increased. On 
the other hand, material changes to a narrow shear layer or ‘slip’ behaviour at high 
temperature, where material starts to slip at the interface as the material locally becomes 
very soft [Colegrove et al., 2000; Schmidt et al., 2004]. This caused the volume of the 
shear zone surrounding the tool to reduce, hence the deformation influenced by the tool 
shoulder became more localised to the surface and the ‘flow arm’ reduced. 
 
Fig. 5.11 Images showing the change to the thickness of the surface shoulder contact 
layer after FSP with a pin tool and a transverse speed of 200 mm min
-1
, with rotation 
rates of (a) 300 RPM, (b) 500 RPM, (c) 700 RPM and (d) 900 RPM. 
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Fig. 5.12 Images showing the change to the flow arm after FSP with a pin tool and a 
transverse speed of 200 mm min
-1
, with rotation rates of (a) 500 RPM, (b) 700 RPM and 
(c) 900 RPM. 
 
5.5 Particle Size Distributions 
The typical particle size distributions in Alloy-1, before and after FSP, are shown in fig. 
5.13a. The results indicated good agreement to work presented by Ma et al [Ma et al., 
2006iii]. It is possible to see that before FSP, the as-cast microstructure contained a 
large spread in particle sizes with an average of 15.7 μm, and a standard deviation (SD) 
was ~10-15 μm. After FSP, the particles were greatly refined to an average size of 2.7 
μm, and the SD was reduced to ~2 μm. The average particle statistics obtained as a 
function of the processing conditions for Alloy-1 are shown in table 5.2 and table 5.3. 
This data was obtained by averaging ten measurements made systematically using a 
grid placed over the whole of the PZ. Generally, the size of the particles within the PZ 
was found to be reduced to 2-3 μm ECD, and the aspect ratio of the refined particles 
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ranged from 1-5, with an average of 2.0. A large spread in the particle size distribution 
has also been observed, with particles ranging from less than 1 μm ECD, and up to ~14 
μm ECD. The coarser particles found within the PZ tended to be Si particles, but these 
relatively large particles were still greatly refined from the original as-cast material, 
which had an average particle size of 15.4 µm ECD. In fig. 5.12b, the particle size 
distribution from the advancing and retreating side of the PZ was compared. Notable 
differences were that on the retreating side the frequency (%) of the finer particles < 2 
µm was reduced, and particles in the mid particle size range 3-8 µm was increased. 
 
Fig. 5.13 (a) Typical particle size distributions for Alloy-1, before and after FSP, with a 
200 mm min
-1
 transverse speed and 500 RPM rotation rate. The particle size 
distributions from the refined microstructure on the advancing and retreating sides of 
the PZ are compared in (b). 
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Mean Particle ECD (µm) Rotation Rate (RPM) 
Transverse Speed (mm min
-1
) 300 500 700 900 
100  -  2.26 ± 0.1 2.27 ± 0.1   - 
200 2.49 ± 0.1 2.49 ± 0.1 2.51 ± 0.2 2.75 ± 0.2 
400 -   2.85 ± 0.2  3.09 ± 0.2  - 
 
Table 5.2 Mean particle ECD throughout the PZ of Alloy-1, FSP as a function of 
process parameter. 
Mean Aspect Ratio Rotation Rate (RPM) 
Transverse Speed (mm min
-1
) 300 500 700 900 
100  - 1.76   1.75  - 
200 1.91 1.86 1.90 1.90 
400 -  1.89  1.91  - 
 
Table 5.3 Mean aspect ratio of the particles throughout the PZ of Alloy-1, FSP as a 
function of process parameter. 
As briefly discussed in section 5.2, the microstructure was found to be inhomogeneous 
within the PZ after FSP. In general, the particles were finer on the advancing side than 
the retreating side. On the advancing side, a higher frequency (%) of greatly refined 
particles dominated the microstructure, whereas a larger fraction of coarser particles 
was found on the retreating side of the PZ. An example of the mean particle size 
measurements across the mid plane of the PZ, taken from the sample FSP processed 
with a transverse speed of 200 mm min
-1
 and a rotation rate of 500 RPM, is shown in 
fig. 5.14. A common error of ± 5% was introduced, due to difficulty in identifying the 
very fine particles when using the differential contrast technique to analyse the optical 
images. In addition, it should be noted that some finer Si particles and precipitates 
existed within the PZ [Ma et al., 2006iii], that could not be resolved by optical 
microscopy, and the actual size and aspect ratio is expected to be lower than that 
estimated. The greatest differences in particle size can be observed from the material 
closest to the boundaries between the DRZ and the TMAZ on the advancing side, where 
the transition zone between the undeformed microstructure and the refined 
microstructure was very narrow. Moving across the PZ from the advancing to the 
retreating side, the mean particle size gradually increased. For the sample produced with 
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a transverse speed of 200 mm min
-1
 and rotation rate of 500 RPM, the mean particle 
size increased from ~2 µm to ~3 µm. This is due to the greater tendency for less refined 
particles to remain within the microstructure on the retreating side, as seen in fig. 5.2. 
Further toward the retreating edge of the PZ, the transition between the DRZ and 
TMAZ was found to be larger than that on the advancing edge; i.e. compared to the 
transition on the advancing edge, the size of the particles on the retreating edge 
increased more gradually up to that of the unaffected particles.  
 
Fig. 5.14 Example plot showing the mean particle ECD of the refined particles across 
the PZ of Alloy-1 at mid-depth of the PZ, after FSP with standard processing 
parameters of 200 mm min
-1
 transverse speed and 500 RPM rotation rate. The SD of the 
particle size distribution is also shown. 
Similarly, an example of the mean particle size measurements down the centre line of 
the PZ taken from the sample FSP at 200 mm min
-1
 and 500 RPM is shown in fig. 5.15. 
As discussed in section 5.3 and section 5.4, the microstructure closest to the shoulder 
and workpiece interface was found to be greatly refined, typically ~2 µm ECD. This is 
due to the influence of the tool shoulder, which generates frictional heat and a high 
shearing force on the material close to the contact surface, where the material 
experiences server deformation. Below the surface layer, the particles were found to be 
less refined, having a mean particle size of ~5-6 µm ECD. Compared to other regions of 
the PZ, such a particle size is relatively high. However this can be explained by the 
‘flow arm’ effect, where the trailing end of the tool shoulder dragged material across the 
refined microstructure that the tool pin had already passed through, displacing the 
nugget with less refined particles from the transition zone. Moving further down the PZ, 
the mean particle size and the spread of the size distribution were found to gradually 
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reduce, and at the base of the PZ, similar levels of particle refinement to that in the 
surface layer were observed. Apart from in the surface layer, it is believed that the 
reduction in particle size down the DRZ is related to the difference in process 
temperature between the top and the bottom of the PZ [Ma et al., 2006iii]. The peak 
temperature experienced during FSP is greatest at the surface [Colegrove et al., 2003; 
2007], where higher frictional heat is generated between the tool shoulder and the 
workpiece (see section 6.1). As a result, the flow stress of the material was reduced, and 
the particles were less refined, since particle refinement occurs predominantly via load 
transfer from the matrix to the particles [Clyne & Withers, 1995]. On the other hand, the 
temperature nearer to the base of the PZ, which depends on the thickness of the work 
piece, is generally ~100 °C lower than that of the surface [Colegrove et al., 2003; 2007]. 
Therefore, the flow stress will be higher, and the particles will be refined to a greater 
degree. 
 
Fig. 5.15 Mean particle ECD of the refined particles down the centre of the PZ of 
Alloy-1, after FSP under standard conditions of 200 mm min
-1
 travel speed and 500 
RPM rotation rate. The SD of the particle size distribution spread is also shown. 
 
5.5.1 Effect of Rotation Rate 
Fig. 5.16 shows the optical micrographs taken from the centre position of the PZ 
processed at 200 mm min
-1
 with increasing rotation rates. Visually, there appears to be 
little difference between the microstructures and, as previously shown in table 6.2, the 
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measured particle sizes, averaged across the entire PZ, were very similar irrespective of 
rotation rate. At first assessment, changing the rotation rate with a constant transverse 
speed appears to have an insignificant effect on the particle refinement process, and 
only a very slight increase in average particle size was observed with increased rotation 
speed (fig. 5.17).  This observation opposes the results presented by Ma et al., who have 
reported a slight reduction in particle size and aspect ratio with increasing rotation speed 
[Ma et al., 2006iii]. However, the changes in particle size with increasing rotation 
speed, both presented in this report and by Ma et al., often had a magnitude of less than 
0.1 µm, which is very difficult to verify when there is a large spread in particle size 
distribution. Therefore, error in the measurements and the locations used to collect the 
data could have easily contributed to the change in particle size that has been observed. 
 
Fig. 5.16 Optical images taken from the centre of the DRZs after FSP using a 200 mm 
min
-1
 travel speed and rotation rates of (a) 300 RPM, (b) 500 RPM, (c) 700 RPM and 
(d) 900 RPM. 
151 
 
 
Fig. 5.17 Graph showing the mean particle size throughout the PZ after FSP as a 
function of rotation rate, for different travel speeds. 
On closer examination, the PZ showed changes to the uniformity in particle size as the 
rotation speed was increased (fig. 5.18). While processing at low rotation and transverse 
speeds, the mean particle size showed greater heterogeneity across the PZ, represented 
by a steeper gradient in the data (fig. 5.18a), and the particles were generally finer on 
the advancing side than the retreating side. After FSP at 200 mm min
-1
 and 300 RPM, 
the mean particle size increased from 1.9 µm to 3.2 µm ECD, across the PZ mid-plane. 
On the other hand, at higher rotation speeds, the mean particle size became much more 
consistent and homogeneous throughout the PZ. Smaller differences were observed in 
particle size between the advancing and retreating side, and the gradient in the data was 
reduced. The mean particle size across the PZ mid-plane, after FSP at 200 mm min
-1
 
and 900 RPM, was approximately 2.4 µm to 2.8 µm ECD.  
Changing the rotation speed at high transverse speeds, 400 mm min
-1
, appeared to have 
a lower influence on the homogeneity of the particle size. In this case, the analysed 
results presented in fig. 5.18c show no clear trend in the data. However, it should be 
noted that within the process parameters investigated, the pitch of FSP was generally 
highest at a transverse speed of 400 mm min
-1
 (table 5.4). Within these samples, high 
and low particle refinement regions, with particle clustering were observed, even at a 
rotation rate of 700 RPM. Therefore, increasing the pitch above ~0.4 mm rev
-1 
demonstrated no significant difference in the homogeneity of particle size distribution 
across the PZ. 
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Pitch (mm rev
-1
) Rotation Rate (RPM) 
Transverse Speed (mm min
-1
) 300 500 700 900 
100  0.33 0.2  0.14 0.11 
200 0.67 0.4 0.29 0.22 
400 1.33 0.8 0.57 0.44 
 
Table 5.4 Changes to the tool pitch (mm rev
-1
) as a function of process parameters.  
When the microstructure was examined vertically down the centre of the PZ, no 
obvious trends were observed in the homogeneity of the average particle size 
distribution with changing rotation speed, as shown in fig. 5.19. The only clear change 
in the size profile with depth was caused by the change to the thickness of the surface 
layer, which was predominantly influenced by the flow arm and the tool shoulder, as 
described in section 5.3. Directly below the surface layer was a region of material in 
which the particles were less homogeneously distributed, and its area was found to 
reduce with increasing rotation speeds. This variation to the homogeneity, with 
changing rotation speed, is related to the development of the ‘flow arm’ effect (see 
section 5.3). 
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Fig. 5.18 Mean particle ECD of the refined particles across the mid-plane of the PZ of 
Alloy-1, after FSP with low, medium and high rotation rates, and a constant transverse 
speeds of (a) 100 mm min
-1
, (b) 200 mm min
-1
 and (c) 400 mm min
-1
. 
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Fig. 5.19 Mean particle ECD of the refined particles down the PZ of Alloy-1, after FSP 
at low, medium and high rotation rates, and a constant transverse speeds of (a) 100 mm 
min
-1
, (b) 200 mm min
-1
 and (c) 400 mm min
-1
. 
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5.5.2 Effect of Transverse Speed 
Examples of the microstructure seen in the centre of the PZs after FSP with increasing 
transverse speed and a constant rotation rate of 700 RPM are shown in fig. 5.20, and the 
measured statistical data are presented in table 5.2 and table 5.3. From the results, 
although the difference was small, it was still possible to see that the average size of the 
particles within the PZ clearly increases significantly with increasing transverse speed 
(fig. 5.21). In particular, the density of very fine particle in the distribution was reduced, 
while greater amounts of the larger particles were observed (fig. 5.22). 
 
Fig. 5.20 Optical images from the centre of the PZ within Alloy-1, after FSP at a 
rotation rate of 700 RPM, and increasing transverse speeds (a) 100 mm min
-1
, (b) 200 
mm min
-1 
and (c) 400 mm min
-1
. 
 
Fig. 5.21 Graph showing the mean particle size throughout the PZ after FSP as a 
function of transverse speed, for different rotation rates. 
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Fig. 5.22 Typical particle size distributions on the advancing sides of the PZ, as a 
function of transverse speed. 
Further in-depth analysis of particle refinement, as a function of transverse speed, across 
and down the PZ is summarised in fig. 5.23 and fig. 5.24, respectively. It was found that 
increasing the transverse speed affected the particle refinement process throughout the 
whole of the PZ. A larger average particle size was observed both across and down the 
PZ at higher transverse speeds, and increasing the transverse speed at a different 
rotation rates demonstrated a similar behaviour. Increasing the transverse speed from 
100 mm min
-1
 to 400 mm min
-1
 increased the mean particle ECD from ~2.2 µm to ~2.8 
µm at 500 RPM, and ~2.2 µm to ~3.1 µm at 700 RPM. These observations and changes 
to the degree of particle refinement with changing transverse speed are difficult to 
explain, as they appear to show an opposite correlation to line energy to that of 
increasing rotation rate (section 5.5.1), but are believed to be associated with the flow 
stress, pitch, and processing temperature during FSP, and will be discussed in further 
detail in section 7.3, where the results from the stop action experiments will also be 
considered. 
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Fig. 5.23 Mean particle ECD of the refined particles across the PZ of Alloy-1, after FSP 
at low, medium and high transverse speeds, and constant rotation rates of (a) 500 RPM 
and (b) 700 RPM. 
Furthermore, a greater amount of noise was found in the data with increased transverse 
speed. Banding, into what appeared to be high and low particle size regions, developed 
within the PZ processed at 400 mm min
-1
 (fig. 5.3e & fig. 5.3f) but was less observable 
at 100 mm min
-1
. The formation of these banding features are often found throughout 
the PZ [Sutton et al., 2002], and are known to be greatly related to the pitch of FSP 
[Krishnan, 2002]. Reducing the pitch (mm rev
-1
) generally improves the homogeneity of 
the particle refinement process. 
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Fig. 5.24 Mean particle ECD of the refined particles down the PZ of Alloy-1, after FSP 
at low, medium and high transverse speeds, and a constant rotation rates of (a) 500 
RPM and (b) 700 RPM. 
 
5.6 Particle Spatial Distribution 
From the tessellated images of the optical micrographs, the mean cell size and the 
variance ratio of the data were obtained by averaging ten measurements throughout the 
whole of the PZ. This is shown as a function of the processing parameters in table 5.5 
and table 5.6. In general, the mean cell sizes were reduced from ~40 µm to 5-8 µm ECD 
after FSP, suggesting the particles were on average around six times the distance further 
apart before FSP than after the process. Since the overall area of the measured images 
was the same, the mean cell size also indicated the density of the particles within the 
PZ, which is inversely proportional to the square of the cell size. The calculated 
variance of the cell size distribution was used to quantify the homogeneity of the 
particle spatial distribution [Murphy et al., 1997]. In order to reduce and eliminate 
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errors caused by the differences in particle size and particle density between images, the 
variance value were normalised against the variance of a computer generated random 
distribution, of the same particle density, as described in section 3.6.3. 
Mean Cell ECD (µm) Rotation Rate (RPM) 
Transverse Speed (mm min
-1
) 300 500 700 900 
100 - 5.64 5.57 - 
200 8.06 7.07 7.01 7.42 
400 - 8.09 8.22 - 
 
Table 5.4 Mean measured ECD size of the tessellated cells generated from the refined 
particles within the PZ of Alloy-1, FSP as a function of process parameter. 
Mean Cell Size Variance Ratio Rotation Rate (RPM) 
Transverse Speed (mm min
-1
) 300 500 700 900 
100 - 6.7 5.9 - 
200 8.3 7.0 6.5 5.8 
400 - 6.8 6.3 - 
 
Table 5.5 Mean cell size variance ratio of the tessellated cells generated from the 
refined particles within the PZ of Alloy-1, FSP as a function of process parameter. 
In the work carried out by Murphy et al. [Murphy et al., 1997], particle spatial 
distributions were examined at a low magnification, meaning that fine particles were 
excluded from the measurements and the particle demonstrated a low spread in size 
distribution. As a result, the measurements were obtained in close to ideal condition, 
and a random spatial distribution can be represented by a variance ratio P1 = 1. When P1 
was greater than 1, the degree of particle clustering was increased, and if P1 was less 
than 1, then the particles showed an increasingly ordered spatial distribution. In this 
investigation, particle spatial distribution were analysed at a higher magnification, 
which included the finer particles into the measurements, and resulted in a larger spread 
in particle size distribution. Although normalising the variance was able to eliminate 
errors introduced from the differences in mean particle size and particle density between 
images, it was not possible to reduce the effect caused by the differences in particle size 
on spatial distribution within an individual image. Larger particles occupy a larger area 
within the microstructure, which can become mistaken as low particle density regions 
within the tessellated cell images, and increases the cell size variance. As a result, the 
real particle spatial distribution tends to show a greater deviation from a random 
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distribution, and the variance ratios presented in this report are larger than that recorded 
by Murphy et al. [Murphy et al., 1997].  
 
Fig. 5.25 Examples of optical micrographs taken from (a) the advancing and (b) the 
retreating side of the PZ, FSP at 200 mm min
-1
 and 500 RPM, and their corresponding 
real tessellated cell images (c) and (d). In (e) and (f) equivalent computer generated 
random distribution tessellated cell images are shown for the same particle density. The 
histogram show the corresponding distribution of cell areas for (g) the advancing and 
(h) retreating side, compared to those for random distributions. 
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In fig. 5.25, the tessellated cell images are compared to the normalised variance ratios. 
An example of the microstructure obtained from the advancing side of the PZ, FSP at 
200 mm min
-1
 and 500 RPM, which demonstrated a relatively random particle spatial 
distribution, is shown in fig. 5.25a. Due to the effect caused by the high particle size 
distribution spread, and also a small degree of particle clustering, the cell size 
distribution of the real tessellated cell image still showed a significant deviation from 
random distribution (fig. 5.25g), and the variance ratio was found to be ~4. Therefore, a 
more randomised particle spatial distribution would be represented by a variance ratio 
of less than 4. However, the degree of particle clustering was increased as the variance 
ratio was increased above values greater than 4. For example, on the retreating side of 
the PZ, FSP at 200 mm min
-1
 and 500 RPM (fig. 5.25b), clear particle clustering can be 
observed, and the variance ratio was increased to ~8. 
In general, increasing the rotation rate was found to improve the spatial distribution of 
the particles (table 5.6). A greater degree of particle clustering was observed from the 
PZ, FSP with a lower rotation rate, but the particles became more randomly distributed 
as the rotation rate increased. An in depth analysis of the particle spatial distribution 
within the PZs, as a function of rotation rate, will be discussed in further detail in 
section 5.6.1. 
As seen from section 5.2, the homogeneity of the particle spatial distribution was found 
to differ throughout the PZ. The spatial distribution of the refined particles tended to be 
more random on the advancing side than the retreating side. Examples of the cell size 
variance ratio across the mid plane of the PZ from the material FSP at 200 mm min
-1
 
and 500 RPM is shown in fig. 5.26. From the analysed data, it is clear that the degree of 
clustering, or inhomogeneity of spatial distribution, generally increases across the PZ, 
which is represented by the gentle gradient. Examples of the tessellated cell images are 
shown in fig. 5.25. On the advancing side, the refined particles can be seen to be more 
randomly distributed within the PZ, and the tessellated image showed greater similarity 
to that of the random distribution generated with the same particle density. In 
comparison, more particle clustering can be observed on the retreating side, and the 
variance of the tessellated cell network demonstrates a greater difference to the 
tessellated image of the random distribution. This difference in particle spatial 
distribution is likely to be due to the lower degree of deformation that the material 
experiences on this side of the tool during FSP [Reynold, 2000; Seidel & Reynold, 
2001], which was insufficient for redistributing the refined particles (see flow model 
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results section 6.3). On the other hand, the longer deformation path taken by the 
material on the advancing side could account for the better degree of mixing. 
 
Fig. 5.26 Cell size variance ratio of the refined microstructure across the mid-plane of 
the PZ of Alloy-1, after FSP with a 200 mm min
-1
 travel speed and 300 RPM rotation 
rate. 
While examining the particles spatial distribution down the PZ (fig. 5.27), it was found 
that a near-random dispersion was achieved within the surface layer. The tool shoulder, 
as seen qualitatively from the pin-less tool experiments (section 5.2), was able to mix 
and distribute the broken up particles randomly throughout the microstructure. Just 
below the surface layer, where the material was affected by the flow arm, particles were 
inhomogeneously distributed, with particle clustering observed. The lower level of 
deformation experienced by the material within this region was unable to separate the 
broken up particles effectively, therefore the fragmented particles remained mostly as 
clusters within the microstructure. Moving further down the PZ, the degree of particle 
clustering was reduced, and at the base of the PZ, a more random particle spatial 
distribution was again achieved, before eventually below the bottom of the PZ. It should 
also be noted that noise and scatter observed in the data generally represents particle 
rich and particle poor regions within the PZ (fig. 5.3e & fig. 5.3f).  
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Fig. 5.27 Cell size variance ratio of the refined microstructure down the PZ of Alloy-1, 
after FSP with a 200 mm min
-1
 travel speed and 300 RPM rotation rate. 
 
5.6.1 Effect of Rotation Speed 
Unlike for the effect on particle size, changing the rotation speed of FSP was found to 
have a more significant influence on the spatial distribution of the refined particles 
within the PZ. From table 5.6 it can be seen that increasing the rotation rate, at a 
constant transverse speed, generally reduced the mean cell size variance ratio across the 
PZ, indicating a more even particle spatial distribution. Close examination of the PZ 
also revealed more localised changes. As mentioned in section 5.2, when FSP was 
carried out using a transverse speed of 200 mm min
-1
, and with a rotation rate of 500 
RPM or below, the spatial distribution of the refined particles was found to be more 
randomly distributed on the advancing side of the PZ than the retreating side. However, 
this behaviour became less pronounced when a higher rotation rate was used, and the 
particle spacing became more randomised across the whole of the PZ. The normalised 
variance ratio of the cell size distribution across the mid-plane of the PZ for the 
different rotation rates is summarised in fig. 5.28, and it can be seen that increasing the 
rotation rate generally reduced the variance ratios and also resulted in a reduction in the 
scatter in the data. This indicates a more uniform particle distribution with less 
macroscopic variation. Ma et al. have also reported a qualitative observation of an 
improvement in particle distribution with increased rotation rate, or by reducing the 
pitch (mm rev
-1
) [Ma et al., 2006iii].  
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Fig. 5.28 Normalised cell size variance of the refined microstructure across the PZ of 
Alloy-1, after FSP at different rotation rates, and constant transverse speeds of (a) 100 
mm min
-1
, (b) 200 mm min
-1
 and (c) 400 mm min
-1
. 
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Fig. 5.29 Normalised cell size variance of the refined microstructure down the PZ of 
Alloy-1, after FSP at different rotation rates, and constant transverse speeds of (a) 100 
mm min
-1
, (b) 200 mm min
-1
 and (c) 400 mm min
-1
. 
Similar behaviours were observed in the microstructure down the centre of the PZ as the 
rotation speed was increased (fig. 5.29). At low rotation speeds, the refined particles 
were found to be more randomly distributed toward the base of the PZ, compared to 
those closer to the surface. However, the overall homogeneity was improved when the 
rotation rate was increased. These changes to the homogeneity of the particle spatial 
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distribution are largely controlled by the changes in the pitch during FSP. With a 
smaller pitch, the processing temperature is increased (section 6.2), and the thickness of 
the shear layer surrounding the tool reduced. In addition, the amount of material 
transported and mixed by the tool per revolution is reduced, thus material is deposited 
behind the pin in thinner layers, and under these conditions the fragmented particles 
have a lower tendency of remaining together in clusters. 
 
5.6.2 Effect of Transverse Speed 
Examples of the tessellation cell images generated from real particle distributions and 
their corresponding random distributions, taken from the centre of the PZ after FSP at 
different transverse speeds, are shown in fig. 5.30. The variance ratio across and down 
the centre of the PZs are summarised in fig. 5.31 and fig. 5.32 respectively. From these 
results and the data presented in table 5.6, it can be seen that increasing the transverse 
speed from 100 mm min
-1
 to 200 mm min
-1
, at a constant rotation rate, reduced the 
homogeneity of the particles spatial distribution throughout the PZ. The normalised 
variance ratios were generally increased and the data showed greater scattering, which 
suggests the development of particle clusters and the formation of high and low particle 
density regions.  
 
Fig. 5.30 Tessellated cell images generated from the centre of the PZ, FSP at a 700 
RPM rotation rate and transverse speeds of (a) 100 mm min
-1
, (b) 200 mm min
-1 
and (c) 
400 mm min
-1
; (e), (f) and (g) are the corresponding tessellated cell images, from 
random distributions of equivalent particle density. 
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Again, the change in the homogeneity of particles spatial distribution is believed to be 
related to the pitch. When the transverse speed was increased, the pitch was also 
increased, which resulted in a thicker layer of material being transported and deposited 
by the tool per revolution. Fragmented particles were therefore less evenly distributed 
and remained in clusters. However, it should be noted that the results can not be easily 
compared against the samples processed at a transverse speed of 400 mm min
-1
. This is 
due to the greater local differences in particle size (section 5.5.1) and particle density 
(fig. 5.30). For example, a particle cluster with fewer, but larger, particles will 
statistically result in a lower deviation from a random distribution, than a particle cluster 
with more finer fragments. Furthermore, changing the transverse speed and the pitch in 
FSP was found to have a greater influence on the homogeneity of the particle spatial 
distribution in the plane of the plate parallel to the transverse direction. High and low 
particle density bands have been observed within the PZ, which will be examined and 
discussed in further detail in section 7.3. 
 
 
Fig. 5.31 Cell size variance ratio of the particles across the PZ of Alloy-1, after FSP at 
different transverse speeds, and constant rotation rates of (a) 500 RPM and (b) 700 
RPM. 
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Fig. 5.32 Cell size variance ratio of the particles down the PZ of Alloy-1, after FSP at 
different transverse speeds, and constant rotation rates of (a) 500 RPM and (b) 700 
RPM. 
 
5.7 Effect of FSP on the Hypereutectic Alloys 
Up till now, this investigation has concentrated on the influence of FSP on the near 
eutectic composition, hypoeutectic, Al-Si alloy, Alloy-1. However, in order to 
determine whether, or not, the large rhombohedral primary Si particles break-up 
differently to eutectic flake Si particles during FSP, the near eutectic composition 
hypereutectic alloys (Alloy-2 and Alloy-3) were also investigated. Both the low and 
high Ni content alloys were examined, so that the behaviour of the Ni containing phases 
that exists in commercial piston Al-Si alloys could also be studied. The microstructure 
of these alloys after FSP at different rotation rates with a standard transverse speed will 
be examined and discussed within this section. 
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5.7.1 Al-Si Hypereutectic Alloy (Alloy-2) 
Examples of the typical refined microstructure seen within the Ni free PZ of Alloy-2 
after FSP are shown in fig. 5.33. From first examination, there appeared to be no major 
differences between the microstructure of the refined eutectic particles in the 
hypoeutectic alloy compared to the hypereutectic alloy, apart from a slight increase in 
particle density, which was due to the higher content of Si in the alloy. However, it 
could be seen that the primary Si particles broke up differently to that of the eutectic Si, 
as the primary Si particles were initially much larger and had a lower aspect ratio. 
Examples of the particle size distributions seen after FSP at 200 mm min
-1 
transverse 
speed and 500 RPM rotation rate in the two alloys are shown in fig. 5.34. Generally, a 
reduced relative frequency (%) of the fine particles < 2 µm was observed in Alloy-2, 
and the number of particles in the size range of 2-5 µm was increased. Unfortunately, it 
was not possible to reliably separate and distinguish between the eutectic Si and the 
primary Si after FSP, therefore it can only be assumed that the increase in frequency 
(%) of the larger particles was because of the presence of less refined primary Si 
particles. A much larger spread in particle size was also observed within the PZ 
compared to in the hypoeutectic alloy, typically ranging from less than 1 µm to ~15 µm 
ECD, and with the coarser particles generally being primary Si particles. However, the 
ratio between the coarser particles (> 8 µm ECD) to the finer particles was quite low; 
hence the average size of the particles was balanced to ~2.5 µm ECD after FSP (table 
6.7), which is similar to that of Alloy-1. In addition, the mean aspect ratio of the refined 
particles in Alloy-2 was found to be lower than Alloy-1. This is believed to be caused 
by the increased volume fraction of the more equiaxed Si particles, because the coarse 
primary particles break up as low aspect ratio fragments. In comparison, the original 
aspect ratio of the eutectic Si particles was much higher than the primary Si, so they 
tended to generate elongated fragments (fig. 5.35).  
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Fig. 5.33 Optical images from the (a) advancing and (b) retreating side of the PZ in 
Alloy-2, after FSP at a transverse speed of 200 mm min
-1
 and a rotation rate of 500 
RPM. 
 
Fig. 5.34 Comparison of typical particle size distributions within the PZ of Alloy-1 and 
Alloy-2 after FSP at 200 mm min
-1
 transverse speed and 500 RPM rotation rate. 
Rotation Rate (RPM) 300 500 700 900 
Mean Particle ECD (µm) 2.52 ± 0.1 2.33 ± 0.1 2.53 ± 0.1 2.55 ± 0.1 
Mean Particle Aspect Ratio 1.84 1.74 1.81 1.83  
 
Table 5.7 Refined particle statistics, averaged throughout the PZ for Alloy-2, after FSP 
at 200 mm min
-1
 and increasing rotation rates. 
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Fig. 5.35 Optical Micrograph taken from the transition zone of an Alloy-2 FSP sample, 
with a transverse speed of 200 mm min
-1
 and a rotation rate of 500 RPM. The breakage 
of a eutectic Si colony is circled in red, while a primary Si particle is circled in blue. 
 
5.7.2 Al-Si-Ni Hypereutectic Alloy (Alloy-3) 
Due to the greater quantity of additional phases that exist within the high Ni content 
hypereutectic alloy, Alloy-3, the PZ contained an even higher density of refined 
particles after FSP. Examples of the typical refined microstructure within the PZ of 
Alloy-3 after FSP are shown in fig. 5.36. It is possible to see that all the second phase 
particles, including the Ni containing phases Al9FeNi and Al7Cu4Ni were refined after 
FSP. In order to separate the refinement behaviour of these intermetallics, the ‘darker’ 
Si particles were analysed separately to the ‘lighter’ intermetallic particles. The average 
size of the particles within the PZ as a function of rotation speed is shown in table 5.8, 
and in general, the intermetallic particles were found to be better refined than the Si 
particles. After FSP, the mean particle size of the eutectic and primary Si was ~2.8 µm 
ECD, compared to ~2.4 µm ECD for the Ni rich intermetallic particles. Furthermore, 
the coarse Si particles observed in the PZ was up to ~15 µm ECD, whereas the 
maximum size of the larger intermetallic particles was only ~10 µm ECD. Overall, the 
refined particles showed a large spread in size after FSP, ranging from less than 1 µm to 
~15 µm ECD, and had an average size of ~2.7 µm ECD, which is slightly higher than 
that of the other two alloys. The mean aspect ratio of the refined particles in Alloy-3 
also tended to be lower compared to Alloy-1 (table 5.8). This is believed to be caused 
by the increased volume fraction of primary Si particles, which was generally less 
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refined, but broke up to lower aspect ratio fragments during FSP, and the average 
statistics also being affected by the finer Ni intermetallic particles. 
 
Fig. 5.36 Optical images from the (a) advancing and (b) retreating side of the PZ in 
Alloy-3, after FSP at 200 mm min
-1
 and 500 RPM. 
Rotation Rate (RPM) 300 500 700 900 
Mean Si Particle Size (µm) 2.82 ± 0.2 2.66 ± 0.2 3.07 ± 0.2 3.09 ± 0.2 
Mean Intermetallics Particle 
Size (µm) 
2.43 ± 0.1 2.25 ± 0.1 2.60 ± 0.2 2.48 ± 0.1 
Overall Mean Particle ECD 
(µm) 
 2.63 ± 0.2 2.47 ± 0.1 2.75 ± 0.2 2.81 ± 0.2 
Overall Mean Particle Aspect 
Ratio 
1.86 1.78 1.78  1.79 
 
Table 5.8 Refined particle statistics, averaged throughout the PZ for Alloy-3, after FSP 
at 200 mm min
-1
 and increasing rotation rates. 
 
5.7.3 Effect of Alloy Type on Particle Size and Spatial Distribution 
Detailed analyses of the PZ after FSP of the three alloys have shown that, overall, the 
particles were refined to similar average size, and demonstrated only small differences. 
The particle refinement across and down the centre of the PZ in both of the 
hypereutectic alloys developed the same features as seen in the hypoeutectic alloy, 
which have been discussed in section 5.2. Furthermore, increasing the rotation rate of 
FSP showed an improvement in the uniformity of particle size across the mid-plane of 
the PZ, with a clear reduction in the gradient of the data within all three alloys (fig. 
5.37), which represents a more homogeneous particle size distribution. The thickness of 
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the surface layer and the ‘flow arm’ (fig. 5.37) were also reduced with increasing 
rotation rate, due to the shrinkage of the shear volume around the tool as processing 
temperature was increased [Ma et al., 2006i; 2006iii]. 
 
 
Fig. 5.37 Mean particle ECD of the refined particles down the PZ of the three different 
alloys, after FSP with a transverse speed of 200 mm min
-1
, and rotation rates of (a) 300 
RPM ad (b) 700 RPM. 
Unfortunately, comparing the spatial distribution of the particles between the different 
alloys, using the normalised variance ratio was not very reliable, because the particle 
densities were very different between the three Al-Si alloys. Generally, having a higher 
quantity of refined particles, combined with a large size spread in the microstructure 
gave a greater deviation from random distribution. However, greater errors in the 
measurements develop when the volume fraction becomes high, since the tessellation 
method used in calculating the homogeneity of the particles is dependent on the size of 
the cells expanded from the edges of each particle. So, as the cell density increased, the 
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mean cell size will be reduced, and the size and shape of the actual often touching 
particles will become increasingly important in affecting the accuracy. 
 
 
Fig. 5.38 Normalised cell size variance of the refined particles (a) across and (b) down 
the PZ in Alloy-2, after FSP with a transverse speed of 200 mm min
-1
 and different 
rotation rates.  
As the particle density was increased from Alloy-1 to Alloy-3, less particle free regions 
could be observed within the PZ, and the degree of particle clustering became more 
difficult to quantify. However, unseparated fragments from their original particle 
colonies were observed (fig. 5.33b and fig. 5.36b), which tended to exist more towards 
the retreating edge of the PZ, where the strain and strain rate experienced by the 
material was lower. The spatial distribution of the particles within each of the alloys 
after FSP was compared at several rotation rates, and the results are summarised in fig. 
5.38 and fig. 5.39. In Alloy-2, increasing the rotation rate demonstrated a similar 
behaviour to that of Alloy-1, where the general spatial distribution of the particles 
became more randomised within the PZ, and less particle rich and particle free regions 
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were observed. Whereas, increasing the rotation rate appeared to show little significant 
influence to the spatial distribution of the particles in Alloy-3. In this case, this reflects 
the very high volume fraction in this material which affected the effectiveness of the 
tessellation method.  
 
 
Fig. 5.39 Normalised cell size variance of the refined particles (a) across and (b) down 
the PZ in Alloy-3, after FSP with a transverse speed of 200 mm min
-1
 and different 
rotation rates. 
 
5.8 Summary 
The effects of FSP on the particles of three cast Al-Si alloys with different Si and Ni 
levels, and the influence of the process parameters have been investigated within this 
chapter. It was found that the second phase particles were greatly refined within the PZ 
of all the samples. In order to examine the microstructural changes throughout the PZ in 
further detail, extensive measurements were carried out across and down the centre of 
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the PZ. Particle statistical measurements were made using image analysis with a 
differential contrast technique, and particle spatial distributions were calculated using a 
tessellation method [Murphy et al., 1997]. 
In general, the PZ developed several interesting features. Firstly, a refined surface layer 
was generated by the tool shoulder. Just below this layer was a region, known as the 
‘flow arm’, containing coarser and less evenly distributed particles, which was caused 
by the trailing rear of the tool shoulder rotating over materials refined by the tool pin, 
and dragging less refined material from the transition zone into the PZ. On the 
advancing side, the transition zone between the PZ and the TMAZ was defined by a 
sharp transition, whereas the transition zone was wider on the retreating edge, and the 
change in particle size became more gradual. High and low particle density regions have 
also been observed within the PZ. 
The refined particles tended to be finer on the advancing side than the retreating side, 
due to the higher strains experienced by the material on the advancing side during FSP. 
Furthermore, better refinement was also achieved toward the base of the PZ, which is 
most likely caused by the differences in flow stress, as the processing temperature 
reduces with increasing distance away from the frictional contact of the shoulder. 
Increasing the rotation rate was found to have only a very small effect on particle 
refinement, but demonstrated an improvement in the uniformity in the particle size 
distribution across the mid-plane of the PZ, with a clear reduction in the gradient of the 
data. Vertically down the centre of the PZ, the size of the surface layer and the flow 
arm, which was generated predominately by the tool shoulder, were found to be reduced 
with increasing rotation speed. This is due to the shrinkage of the shear volume around 
the tool as the processing temperature was increased near the tool surface [Ma et al., 
2006i; 2006iii], and as a result both the surface layer and the ‘flow arm’ became thinner 
and more localised to the shoulder. On the other hand, changing the transverse speed 
resulted in a greater change in the size of the particles. Particles were found to be 
coarser after FSP at a higher transverse speeds. A clear explanation to these changes to 
the particle size as a function of process parameters has yet to be found, but is believed 
to be related to the processing temperature, strain rate, and the resulting flow stress that 
the material experiences during FSP. This will be explored more in Chapter 7 where 
comparisons will be made to results from computer models of the temperature and 
deformation conditions during FSP. 
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In terms of the particle spatial distribution, particles were found to be more randomly 
distributed on the advancing side, and towards the base of the PZ. Moving into the 
retreating side and closer toward the surface of the workpiece, particle rich and particle 
free regions became observable within the microstructure. The development of an 
uneven spatial distribution of the particles has been shown to be closely related to the 
pitch in FSP [Krishnan, 2002]. As the pitch was reduced with increasing rotation rate, or 
reducing transverse speed, less particle clusters were observed, and the particles became 
more evenly distributed throughout the whole of the PZ. This can be attributed to a 
thinner layer of material being transported and mixed by the tool, per revolution, as the 
pitch is reduced, allowing particle fragments to become better separated before being 
deposited behind the tool. 
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Chapter 6 
Model Application 
6.1 Introduction 
In order to understand the processing condition within the PZ during FSP, two computer 
models have been explored in this investigation. Initially, a simple thermal model was 
used to fit and interpret the temperature distribution round the tool. Subsequently, a 
more sophisticated CFD model, developed by Colegrove [Colegrove et al., 2004], was 
investigated, which was capable of predicting the material flow behaviour as well as the 
temperature distribution. These models were used to try to predict the temperature, 
strain and strain rate experienced by the material during FSP, as a function of the 
process parameters and position in the PZ. The effects of the changes to the processing 
conditions were also investigated along the different flow paths through the PZ. The 
main aim of this work was to relate the deformation conditions to the level and stages of 
particle refinement that occur in FSP of Al-Si alloys. 
 
6.2 Thermal Model 
The first model investigated was a relatively simple FE thermal model developed by 
Richards [Richards, 2009]. This model was used to explore the effect of the process 
conditions on the thermal field around the tool during FSP. The model uses a single 
translating heat source applied to a material plate to replicate the FSP tool translating 
across the workpiece during FSP. The heat input to individual nodes on the material’s 
mesh was calculated using two equations, which defined of a surface area heat source 
and a cylindrical volume flux, representing the shoulder and the pin respectively. For 
the shoulder, Q(r) was given by: 
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   (Eq. 6.1) 
On the other hand, the pin flux Q(r)pin is not radius dependent and was given by: 
     
      
          
   (Eq. 6.2) 
The surface source assumes a linear radial dependence of heat generation with position 
across a shoulder radius Rshoulder outwards from the pin radius Rpin. The pin source is not 
radius dependent and assumes a uniform heat distribution over a cylindrical pin surface 
length L. It should be noted that this model is purely a thermal model and the net heat 
input Qtotal from the surface and the cylindrical sources are defined by the user. The heat 
transfer through the processed material is then calculated by considering the material 
properties (i.e. density, specific heat capacity and thermal conductivity), and heat loss to 
the environment (i.e. air, clamping and base anvil) introduced as boundary conditions. 
Modelling variables include the processing parameters, heat source dimensions, and 
plate geometry. The heat source dimensions were selected to be equivalent to the 
welding tool size, and the plate dimensions were also matched to the size of the 
processed plate. A more detailed explanation of the model and the value of the variables 
used can be found in section 3.8.1. 
 
6.2.1 Model Calibration 
In order to imitate the heat input from the tool during FSP, calibration of the net power 
input, and its division between the surface and cylindrical heat source were achieved by 
matching thermal profiles, obtained from thermocouples placed at specific positions 
within the plate, to predictions of equivalent positions by the model. An initial 
measurement of the net power was obtained from the machine torque. This was then 
refined through trial and error, and the power input was varied so that the differences in 
peak temperatures were no greater than 10 %, and showed well-fitted heating and 
cooling curves. It was found that a net heat input division of 5:1 between the surface 
and cylindrical heat source respectively, fitted the model best. Values of the calibrated 
power input used in predicting the temperature profiles experienced by the material 
during FSP, as a function of rotation rate and transverse speed, can be found in section 
3.8.1. In order to verify the accuracy of the thermal model, results were compared 
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against experimental measurements obtained from thermo-couples placed at known 
positions within the workpiece (fig. 6.1).  
 
Fig. 6.1 Schematic diagram indicating the positions of the thermo-couples placed into 
the workpiece. 
 
Fig. 6.2 Graphs comparing the thermal profiles predicted by the calibrated thermal 
model to the experimental measurements at the different positions shown in fig.6.1, for 
FSP with a transverse speed of 200 mm min
-1
 and rotation rates of (a) 300 RPM, (b) 500 
RPM, (c) 700 RPM and (d) 900 RPM. 
Examples of the measurement and predicted profiles are shown in fig. 6.2, and it is 
possible to see that the heating and cooling curves of the experimental measurements 
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and modelling predictions matched relatively well at rotation rates of 300 RPM to 700 
RPM, where the differences in peak temperatures were no greater than ±10 %. Small 
errors in the predictions could have been introduced to the model by the use of constant 
values for representing temperature dependant variables, such as density and heat 
capacity, so the thermal model was less accurate in imitating the material’s properties, 
as the temperature differs throughout the workpiece. While predicting the thermal 
profile for FSP with a rotation rate of 900 RPM, the model demonstrated larger than 
acceptable deviations to the experimental measurements. Apart from the measurement 
set closest to the FSP tool, the thermal model over predicted the peak temperature 
experienced at all other recorded locations by more than 10 %. This is because by 
processing at a transverse speed of 200 mm min
-1
 and rotation rate of 900 RPM, the 
ultimate temperature reached by the material at the interface is believed to be greater 
than the melting temperature of the alloy (> 500 °C). This results in localised melting 
around the tool, and limiting the rate of energy generation. In addition, the thermal 
conductivity data used in the model was only available up to 460 °C (see section 3.8), 
which could result in extrapolation errors at higher temperature. 
 
6.2.2 Thermal Predictions 
In this section of the report, the measured temperatures experienced by the material 
during FSP and the development of the fitted full thermal field will be discussed, as a 
function of rotation rate and transverse speed. In general, several observations can be 
made from the thermal predictions generated by the computer model. Firstly, the 
thermal field developed around the heat source were found to be elongated and took on 
an oval geometry. Fig. 6.3 shows the development of the thermal field surrounding the 
heat source from plan view as a function of time, with a transverse speed of 200 mm 
min
-1
 and a rotation rate of 700 RPM. During the dwell stage, a circular thermal field 
was generated at the surface of the workpiece, but as the heat source started to translate 
across the surface, the thermal field became elongated along the transverse direction. 
The process was found to reach a relatively steady-state after the heat source was 
translated by approximately 8 cm across the workpiece. Secondly, the temperature 
experienced by the material was seen to be greatest at the interface between the tool 
shoulder and the workpiece, where most of the heat was generated, and decreased with 
increasing distance away from the surface (fig. 6.4). Furthermore, the process 
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temperature was found to increase with increasing rotation rate, and/or reducing 
transverse speed, which is not surprising as the rate of energy generation is mainly 
dependent on the surface velocity of the tool, and varies as Qnet/Vtrans [Tang et al., 1998; 
Frigaard et al., 1998]. 
 
Fig. 6.3 Images showing the predicted thermal field developed for FSP with a 
transverse speed of 200 mm min
-1
 and a rotation rate of 700 RPM, after (a) a dwell time 
of 10 s, and then translation for (b) 12 s and (c) 24 s. 
 
Fig. 6.4 Images showing the predicted steady state field developed for FSP with a 
transverse speed of 200 mm min
-1
 and a rotation rate of 700 RPM. The thermal field is 
shown (a) in a transverse cross section through the heat source, while (b), (c) and (d) are 
plan view images taken at a depth of 0 mm, 3 mm and 6 mm in the plate, respectively. 
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6.2.3 Effect of Rotation Rate and Transverse Speed 
The steady-state thermal fields predicted for FSP, where the power input was adjusted 
by matching the thermal couple measurements to the model predictions with changing 
process parameters, are shown in fig. 6.5. It is possible to see that the processing 
temperature clearly increased with increasing rotation rate and/or reducing transverse 
speed, which has also been found and reported by other authors, experimentally [Tang 
et al., 1998; Sato et al., 2002] and theoretically [Colegrove et al., 2003; 2007; Schmidt 
et al., 2004]. At a transverse speed of 200 mm min
-1
, increasing the rotation rate from 
300 to 700 RPM was predicted to have increased the peak processing temperature from 
365 °C to 480 °C, and a similar change to the peak processing temperature was also 
observed when the transverse speed was reduced from 400 mm min
-1
 to 100 mm min
-1
 
at a constant rotation rate of 500 RPM. The flow model, discussed in section 6.3.2, also 
predicted an increase in processing temperature with reducing pitch, which caused the 
deformation layer surrounding the tool to reduce in thickness, due to the softening of the 
material. The geometry of the thermal field that developed around the heat source was 
also found to change with increasing transverse speed. When the heat source was 
applied to the material at stationary position (i.e. during dwell), the geometry of the 
thermal field that developed around the heat source was perfectly circular in the planes 
parallel to the surface. By applying a translating motion to the heat source, the thermal 
field became increasingly elongated and oval in shape, as the transverse speed increased 
from 100 mm min
-1
 to 200 mm min
-1
. As the transverse speed was further increased, 
apart from a reduction in peak process temperature, the thermal fields were found to 
become much more localised around the tool, and started to develop a slight ‘tear-drop’ 
geometry, as seen at a transverse speed of 400 mm min
-1
. 
The peak temperatures predicted at various positions within the PZ during FSP are 
presented in table 6.1 to table 6.4. It should be noted that the over predicted thermal 
measurements are marked in red. As expected, material closest to the interface 
experienced the highest temperature during FSP. Moving away from the heat source, 
and away from the weld line, the temperature reduced. With the specific set-up used for 
this investigation, moving down from the centre line from the surface to the centre of 
the PZ resulted in a peak temperature drop of ~70 to 80 °C. However, moving from the 
centre to the edge of the PZ only reduced the peak temperature by ~15 to 20 °C. 
Therefore, the temperature difference was found to be greatest between the material at 
the surface and at the base of the PZ, than that across the PZ. This is due to the material 
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below the PZ in friction stir processing acting as a heat sink, and the increased distance 
away from the tool shoulder contact surface, which generates the majority of the 
frictional heat for the process.  
 
Fig. 6.5 Images showing the predicted (a) plane views, and (b) cross section views, of 
the steady state thermal fields that developed around the pin during FSP for different 
process parameters. 
Temperature (°C) Rotation Speed (RPM) 
Transverse Speed (mm min
-1
) 300 500 700 900 
100   ~483 ~556   
200 ~366 ~421 ~483 ~548 
400   ~360 ~407 ~457 
 
Table 6.1 Predicted peak processing temperature at position y = 0 mm and z = 1 mm 
away from the weld line at the surface. 
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Temperature (°C) Rotation Speed (RPM) 
Transverse Speed (mm min
-1
) 300 500 700 900 
100   ~429 ~492   
200 ~307 ~352 ~398 ~445 
400   ~294 ~330 ~377 
 
Table 6.2 Predicted peak processing temperature at position y = 0 mm and z = 3 mm 
away from the weld line at the surface. 
Temperature (°C) Rotation Speed (RPM) 
Transverse Speed (mm min
-1
) 300 500 700 900 
100   ~414 ~473   
200 ~299 ~343 ~387 ~432 
400   ~285 ~320 ~355 
 
Table 6.3 Predicted peak processing temperature at position y = 3 mm and z = 3 mm 
away from the weld line at the surface. 
Temperature (°C) Rotation Speed (RPM) 
Transverse Speed (mm min
-1
) 300 500 700 900 
100   ~398 ~453   
200 ~285 ~325 ~367 ~410 
400   ~268 ~301 ~334 
 
Table 6.4 Predicted peak processing temperature at position y = 5 mm and z = 3 mm 
away from the weld line at the surface. 
 
6.3 Flow Model 
In order to investigate the flow behaviour of the material during FSP, a CFD model 
developed by Colegrove [Colegrove & Shercliff, 2004] was used. The model involved 
coupling a 3D thermal model for calculating the heat flow, to a 3D flow model for 
calculating the material flow and heat generation. The translating 3D thermal model is 
solved in steady state and predicts the temperature field around the tool from a uniform 
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heat flux applied at the tool and workpiece interface. This is achieved by solving the 
differential equation: 
                (Eq. 6.3) 
where v is the velocity vector, ρ is the density, h is the sensible enthalpy, k is the 
thermal conductivity, and T is the temperature, while also capturing the effect of the tool 
translation, the thermal boundary conditions for the plate, and the thermal properties of 
the material [Colegrove et al., 2007]. The predicted temperature field is then imposed 
on the domain of the 3D flow model. In the CFD flow model, the material is considered 
to be translating past the rotating tool at the processing speed, and within the fluid 
region the momentum equations are solved.  To do so, the viscosity of the material µ is 
considered, which equals σ/(3   ), and   is the material flow stress, which is a function of 
the temperature and strain rate [Colegrove & Shercliff, 2004; 2005]. The material flow 
stress refers to the steady state flow strength of the material, which ignores work 
hardening and the material’s elastic properties. The constitutive equation used in the 
model to describe the flow strength of the Al alloys was first proposed by Sellars and 
Tegart [Sellars & Tegart, 1972], and has subsequently been modified by Sheppard and 
Wright [Sheppard & Wright, 1979]. 
        
 
  
              (Eq. 6.4) 
where Z is known as the Zener-Holloman parameter,    is the strain rate, σ is the 
instantaneous flow stress, and Q, n, A, and α are fitting parameters of which Q is the 
effective activation energy. In the CFD model, the material at the tool interface is 
assumed to obey a full sticking behaviour; therefore the velocity is equal to the 
rotational velocity rω, and is zero at the other boundaries. However, in reality the 
shoulder contact can be complete or incomplete, and stick, slip or both can occur 
depending on the condition. Therefore, the actual heat generation will be less than that 
for full contact and sticking, this is accounted for in the model by defining a ‘contact 
radius’ for the shoulder, which is essentially a fitting parameter [Colegrove et al., 2007]. 
Other modelling variables include the processing parameters, heat source dimensions, 
and plate geometry. 
Once the flow has been calculated, the heat flux    generated from viscous dissipation 
across the pin and shoulder surface are found from: 
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               (Eq. 6.5) 
which is the product of the shear stress at the surface (viscosity µ x strain rate    ) and the 
velocity (rω). This heat flux is imposed back into the translating 3D thermal model, 
which is then solved using the updated heat flux. This continuous process is repeated 
until the solution converges, such that there is no further change in heat generation, 
temperature and flow field. The model was used to explore the effect of the process 
conditions on the strain field, and material behaviour along different streamlines across 
the PZ, as they flow into and around the tool. Data was obtained for the constitutive law 
implemented in the CFD model by high temperature compression testing of the friction 
stir processed material, Alloy-1 (see section 3.5.3), while the thermal conductivity of 
Alloy-1 was also measured as a function of temperature, as described in section 3.8.1. A 
more detailed explanation of the model and the value of the variables used can be found 
in section 3.8.2. 
 
6.3.1 Flow Predictions 
In this section, the flow of the material during FSP and the development of the shear 
layer around the tool will be discussed, as a function of rotation rate and transverse 
speed. In general, several observations can be made from the results of the flow 
predictions made by the CFD computer model. Firstly, for the process parameters 
investigated, the strain fields tended to develop a ‘basin’ geometry (fig. 6.6), where the 
deformation zone is widest at the surface of the workpiece, and thinnest at the base of 
the pin, as material became increasingly further away from the influence of the tool 
shoulder. However, it should be noted that the predicted deformation zone does not 
spread completely across the shoulder-workpiece interface, due to the use of a reduced 
contact radius by the model for representing slip behaviour, in order to reduce heat 
generation. Furthermore, by comparing the stop-action samples in section 7.3 to the 
predicted deformation layer around the pin, it is possible to see that the model was 
unable to predict the generation of a thicker deformation layer on the retreating side of 
the PZ than the advancing side. A major influence is the fact that the elastic properties 
of the material were ignored by the CFD model, therefore the boundary of the 
deformation region can not be very well defined. As a result, the predicted strain field 
does not fully predict the true extent of the plastic deformation. However, the results are 
sufficient for comparing results for the different processing conditions. By examining 
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the flow of material along the different flow paths across the PZ (fig. 6.7), it was found 
that material was always transported around the tool in the same direction as the 
rotation of the tool, moving across the retreating side. Material has also been predicted 
to be deposited at a similar position across the PZ behind the tool to its original location 
ahead of the tool (fig. 6.7). This behaviour is in agreement with several published 
marker experiments and flow model results [Reynold, 2000; Guerra et al., 2003; 
Colegrove & Shercliff, 2004], giving confidence in the flow predictions.  
 
Fig. 6.6 Images showing the predicted steady state flow field developed for FSP with a 
transverse speed of 200 mm min
-1
 and a rotation rate of 500 RPM. A cross section 
across the centre of the tool is shown, along with the plan view strain field taken at a 
depth of (a) 1 mm, (b) 3 mm and (c) 5 mm. 
From the processing parameters investigated, a maximum strain rate ranging from 400 
s
-1
 to 560 s
-1
 has been predicted by the CFD model (table 6.5 to table 6.7). It should be 
noted that the values predicted for the strain rate are not necessarily the true strain rate 
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experienced by the material during FSP. Large variations in strain rate have been 
predicted using different flow models developed by different authors [Buffa et al., 
2008; Mukherjee & Ghosh, 2010]. The model used here tends to over predict the strain 
rate near the tool because of the assumed sticking behaviour. However, the model 
should still be able to predict the general behaviour and trends in the data as material 
flow along the different streamlines across the tool. In general, the strain rate 
experienced by the material was predicted to be higher on the advancing side than the 
retreating side of the PZ. Both the higher strain rate, and the longer straining distance 
exhibited by the material on the advancing side of the PZ suggests that the material on 
the advancing side of the PZ experiences a greater degree of deformation, leading to the 
finer microstructure achieved after FSP (see section 5.5). 
 
Fig. 6.7 Images showing the predicted stain rates along the different flow paths around 
the tool, at a depth of 4 mm below the surface, during FSP with a transverse speed of 
200 mm min
-1
 and a rotation rate of 500 RPM.  
 
6.3.2 Effect of Rotation Rate and Transverse Speed 
In fig. 6.8, the changes to the geometry of the PZ were compared to the steady state 
deformation zone predicted by the flow model, as a function of the processing 
parameters. It is possible to see that, the geometry of the predicted deformation zone 
does not match entirely to that of the experimental PZ. At a transverse speed of 200 mm 
min
-1
 and a rotation rate of 300 RPM, the geometry of the deformation zone matched 
relatively well between the experimental result and the model prediction, with a much 
wider deformation zone developed close to interface between the shoulder and the 
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workpiece. However, as the processing temperature increased with an increasing 
rotation rate and/or a decreasing transverse speed, the deformation zone predicted by the 
flow model was not as localised around the tool as seen in the experimental samples, 
and over predicted the extent of the deformation zone. A major influence is the fact that 
the CFD model ignores the elastic properties of the material, therefore the boundary of 
the deformation region can not be very well defined, and the predicted strain field does 
not fully predict the true extent of the plastic deformation. It should also be noted that 
differences in processing temperature between experimental measurements and the 
model predictions were also often recorded [Colgrove et al., 2007], due to the transient 
processing conditions that exist in practice, uncertainty in thermal boundary conditions, 
and the approximation of the contact radius used in the heat generation model, which 
would have affected the material behaviour and the flow predictions. However, the 
model was able to predict the general behaviour of a reduced deformation zone with 
reducing pitch and increasing temperature of processing. At a transverse speed of 200 
mm min
-1
, increasing the rotation rate from 300 to 500 RPM was predicted to reduce the 
size of the deformation layer, as deformation became more localised around the pin and 
the shoulder. Similarly, at a rotation rate of 500 RPM, reducing the transverse speed 
from 200 mm min
-1
 to 100 mm min
-1
 further reduced the thickness of the shear layer. 
Such a behaviour to the shear layer has also been reported by other authors, 
experimentally [Colligan, 1999; Reynold, 2000] and theoretically [Colegrove & 
Shercliff, 2004]. The reduction in the thickness of the deformation layer is due to the 
increased processing temperature with decreased pitch (see section 6.2.2), as material 
becomes very soft close to its melting point at the tool surface, and the interaction 
between the tool and the workpiece changes to a narrow deformation layer or ‘slip’ 
behaviour at high temperatures, due to localised melting at the interface [Colegrove et 
al., 2000; Schmidt et al., 2004]. 
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Fig. 6.8 Images comparing the cross section of the PZ to the predicted strain field (ms
-1
) 
around the tool during FSP at (a) & (b) 200 mm min
-1
 and 300 RPM, (c) & (d) 200 mm 
min
-1 
and 500 RPM, and (e) & (f) 100 mm min
-1
 and 500 RPM. 
From the flow model, the changes in strain rate and temperature along the different flow 
paths across the PZ were also examined, and using Zener-Holloman equations, which 
was used in the model for describing the material behaviour, the flow stress along the 
different flow paths has been estimated: 
        
 
  
     (Eq. 6.6) 
                          (Eq. 6.7) 
In general, increasing the rotation rate or the transverse speed of processing increased 
the strain rate experienced by the material during FSP (table 6.5 to table 6.7). 
Furthermore, the material flow stress is more sensitive to the processing temperature 
(Eq. 6.6), which increases with reduced processing pitch. As a result, a higher peak flow 
stress of ~120 MPa was predicted along the same flow line for the sample processed at a 
transverse speed of 200 mm min
-1
 and a rotation rate of 300 RPM, which was reduced 
to ~80 MPa when the processing condition was changed to 100 mm min
-1
 and 500 RPM 
(table 6.5 to table 6.7). Examples of the changes in flow stress along the different flow 
paths across the PZ, at a depth of 4 mm below the surface, within the sample FSP at a 
transverse speed of 200 mm min
-1
 and a rotation speed of 500 RPM are summarised in 
fig. 6.9. Interestingly, the maximum flow stress was found to be very similar across the 
PZ (table 6.5 to table 6.7), due to the change in temperature across the PZ underneath 
the shoulder, which compensates for the reduction in strain rate. A significant decrease 
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in flow stress was only observed on the edge of the retreating side of the PZ, where the 
strain rate experienced by the material was greatly reduced. 
 
Fig. 6.9 Graphs showing examples of the change in strain rate, temperature and flow 
stress, predicted along the different flow paths across the PZ, at a depth of 4 mm below 
the surface, within the sample FSP at a transverse speed of 200 mm min
-1
 and a rotation 
rate of 500 RPM. 
However, the flow stress experienced by the material showed a greater difference down 
the PZ (table 6.5 to table 6.7). For example, within the sample FSP at a transverse speed 
of 200 mm min
-1
 and a rotation rate of 500 RPM, the flow stress was increased from 
~71 MPa close to the surface of the PZ, to ~86 MPa at the base of the PZ. This greater 
difference in flow stress observed through the depth of the PZ is due to the greater 
change in processing temperature and strain rate, with increasing distance away from 
the shoulder interface. Just below the refined surface layer, the temperature experienced 
by the material was high, and a low strain rate has been predicted, therefore the 
resulting flow stress was low (table 6.5 to table 6.7). This corresponds to the ‘flow arm’ 
193 
 
region of the PZ, which has been found to contain relatively larger particles within the 
PZ. Moving away from the shoulder interface, the temperature experience by the 
material during FSP was reduced, while the strain rate was increased, therefore higher 
flow stresses have been predicted (table 6.5 to table 6.7).  
Flow Path (y,z) 
(mm) 
Max Strain Rate (s-1) Max Temperature (°C) Max Flow Stress (MPa) 
0,2 78 360 96 
6,4 2 306 76 
4,4 178 324 110 
2,4 290 343 115 
0,4 417 353 116 
-2,4 343 358 115 
0,6 194 345 115 
 
Table 6.5 The maximum strain rate, temperature, and flow stress experienced by the 
material along the different flow paths, predicted for the FSP at a transverse speed of 
200 mm min
-1
 and a rotation rate of 300 RPM. 
Flow Path (y,z) 
(mm) 
Max Strain Rate (s-1) Max Temperature (°C) Max Flow Stress (MPa) 
0,2 91 429 71 
6,4 3 377 50 
4,4 246 399 86 
2,4 396 417 90 
0,4 558 423 92 
-2,4 503 428 91 
0,6 239 417 89 
 
Table 6.6 The maximum strain rate, temperature, and flow stress experienced by the 
material along the different flow paths, predicted for the FSP at a transverse speed of 
200 mm min
-1
 and a rotation rate of 500 RPM. 
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Flow Path (y,z) 
(mm) 
Max Strain Rate (s-1) Max Temperature (°C) Max Flow Stress (MPa) 
0,2 91 438 63 
6,4 2 391 38 
4,4 22 407 60 
2,4 267 426 80 
0,4 333 430 82 
-2,4 398 432 82 
0,6 164 425 80 
 
Table 6.7 The maximum strain rate, temperature, and flow stress experienced by the 
material along the different flow paths, predicted for the FSP at a transverse speed of 
100 mm min
-1
 and a rotation rate of 500 RPM. 
 
6.4 Summary 
The processing conditions within the PZ during FSP have been explored using two 
computer models. Initially a simple thermal model was used to fit and interpret the 
temperature distribution round the tool. Subsequently, a more sophisticated CFD model, 
developed by Colegrove [Colegrove et al., 2004], was investigated, which was capable 
of predicting the temperature distribution and material flow behaviour. From the 
thermal model, the processing temperatures have been predicted to increase with 
decreasing pitch, which ranged from a peak temperature of 370 to 540 °C, with the 
processing parameters investigated. In general, the cross section thermal field developed 
a basin geometry, while in plan view, the thermal field changed from an oval to a tear 
drop geometry as the transverse speed was increased, causing the thermal field to 
become more localised around the tool. In addition, greater temperature difference was 
observed with increasing distance away from the contact interface than across the PZ, 
since majority of the frictional heat was generated by the tool shoulder.  
From the flow model, the deformation region around the tool was also predicted to 
develop a basin geometry in cross section, with the deformation zone being widest at 
the surface, and reducing towards the base of the pin. The deformation zone was found 
to shrink and became closely confined to the shape of the tool pin when the pitch was 
decreased. This is due to an increase in processing temperature, which softens the 
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material and localises the deformation. By following the flow behaviour of the material 
along the different flow paths across the PZ, the material has been predicted to always 
flow around the tool on the retreating side, and be deposited at a similar position across 
the PZ to its original location ahead of the tool. Furthermore, the total strain 
experienced by the material was found to be higher on the advancing side than the 
retreating side of the PZ. In contrast, the resulting flow stress predicted by the flow 
model appeared to show very little changes along the different flow paths across the PZ, 
due to the change in temperature across the PZ underneath the shoulder, which 
compensates for the reduction in strain rate. However, the flow stress decreased 
significantly toward the edge of the PZ on the retreating side, due to a greater decrease 
in strain rate with the increasing distance away from the contact interface. In addition, 
the strain rate experienced by the material was found to increase with increasing 
rotation rate and transverse speed, but the processing temperature appeared to have a 
greater influence on the resulting material flow stress. 
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Chapter 7 
Stop-Action Experiment 
7.1 Introduction 
In order to further understand the mechanism of the refinement process during FSP, 
stop-action experiments were carried out, where the microstructural changes occurring 
around the tool pin during FSP were studied by ‘freezing’ the process. This work was 
carried out using the hypoeutectic Al-Si alloy, Alloy-1. The grain structure and the 
refinement behaviour of the particles was analysed by following different flow lines 
across the PZ, from the front to the rear of the pin. The effect of different process 
parameter on the rate and sequence of particle refinement along the flow lines was also 
examined and compared to model predictions of the thermal and strain rate histories. A 
similar approach has been taken to study the grain structure development around the 
tool using the stop-action sample. 
 
7.2 Overview 
The stop-action samples were prepared by pressing the emergency stop on the FSP 
machine and then sectioning the samples with the tool retained in-situ, as detailed in 
section 3.3.2. The ‘stop-action’ samples were sectioned in plan view at a depth of 4 mm 
below the plate surface, where the material flow is dominated by the pin. Unfortunately, 
for some welding conditions, defects were found around the tool pin stop position (fig. 
7.1), and since such voids were eliminated from the microstructure further behind the 
pin, these defects could be associated with a lag between the tool’s rotation and 
transverse motion, as the machine were immediately stopped, causing the material 
around the pin to tear. Nevertheless, the specimens still revealed several interesting 
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features. Firstly, it can be seen that the direction of flow always follows the direction of 
the tool rotation, even on the advancing side of the tool.  
 
Fig. 7.1 Microstructure of a ‘stop-action’ sample processed at 200 mm min-1 and 300 
RPM. The flow lines along which particle break-up had been studied are shown, and 
these are from the advancing side (-1.5 mm), the centre (0 mm), retreating side (1.5 
mm), and the edge (3 mm). 
The deformation zone, which is defined as the region around the tool where the Al 
matrix and the second phase particles became strained and sheared by the tool, is very 
narrow and closely confined to the tool surface (fig. 7.2). With a transverse speed of 200 
mm min
-1
 and rotation rate of 500 RPM, the deformation zone on the advancing side of 
the pin was only 0.2 mm wide, and increased to 0.65 mm on the retreating side (fig. 
7.2b). However, when the rotation rate was reduced to 300 RPM, the deformation layer 
on the advancing and retreating sides was increased to 0.45 mm and 0.85 mm, 
respectively (fig. 7.2a). Similarly, reducing the transverse speed to 100 mm min
-1
 
reduced the deformation layer to 0.15 mm on the advancing, and 0.6 mm on the 
retreating side (fig. 7.2c). These changes to the size of the deformation layer around the 
tool pin were also reported in section 5.4, from the cross sectional view of the PZ, and 
are largely related to the processing temperature during FSP. It was possible to see from 
the thermal model predictions (section 6.1) that increasing the rotation rate and/or 
reducing the transverse speed resulted in an increase in the processing temperature. This 
caused a narrower deformation layer of very soft material to develop around the tool, 
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which encouraged localised deformation. Importantly, as will be shown below (section 
7.3), it was found that particle break-up occurs predominately within the deformation 
zone, most effectively in the material originating from ahead of the tool on the 
advancing side (fig 7.3), which experienced the highest strain and strain rate. This 
agrees with the tendency for a reduction in particle size across the PZ from ~2 to ~3, as 
shown in section 5.5. The refined particles were then redistributed, and the voids 
generated during particle break up were eliminated as the material travelled around the 
pin. At the back of the pin, particles are deposited at a similar position across the PZ to 
their original location with respect to the centre line ahead of the pin [Colligan, 1999; 
Reynold, 2000; Xu et al., 2001; Colegrove & Shercliff, 2004; 2005]. Particle free and 
particle rich bands have been observed on the retreating side of the PZ. 
 
Fig. 7.2 Overview of the ‘stop-action’ samples processed at a transverse speed of 200 
mm min
-1
, and rotation rates of (a) 300 RPM and (b) 500 RPM, and (c) at a transverse 
speed of 100 mm min
-1
 and a rotation rate of 500 RPM, with the size of the deformation 
layer marked around the tool. 
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Fig. 7.3 Micrographs showing examples of the particle refinement and distribution 
along a typical flow path 0 mm (see fig. 7.1) around the pin along the centre line, from 
the ‘stop-action’ sample processed at a transverse speed of 200 mm min-1 and a rotation 
rate of 300 RPM. 
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Fig. 7.4 Micrographs showing examples of the particle refinement and distribution 
along flow paths -1.5 mm and +1.5mm around the pin along the advancing and 
retreating side, from the ‘stop-action’ sample processed at a transverse speed of 200 mm 
min
-1
 and a rotation rate of 300 RPM. 
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Fig. 7.5 Micrographs showing examples of the particle refinement and distribution 
along a typical flow path 0 mm (see fig. 7.1) around the pin along the centre line, from 
the ‘stop-action’ sample processed at a transverse speed of 200 mm min-1 and a rotation 
rate of 500 RPM. 
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Fig. 7.6 Micrographs showing examples of the particle refinement and distribution 
along flow paths -1.5 mm and +1.5mm around the pin along the advancing and 
retreating side, from the ‘stop-action’ sample processed at a transverse speed of 200 mm 
min
-1
 and a rotation rate of 500 RPM. 
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7.3 Particle Refinement along Flow Lines 
The behaviour of the particles as they break up following the flow lines, shown in fig. 
7.1, were analysed in detail. From the optical images (fig. 7.3 to fig. 7.6), it was 
possible to see that the Si and intermetallic eutectic particles actually began to fracture 
just ahead of the shear layer in advance of the tool, but at this early stage the fragments 
were not greatly dispersed and were still largely associated with the original 
particle/colony from which they fractured. This is primarily because, although in this 
position the load on the particles is high, the plastic strain is still very small. At this 
stage particle fracture can be seen to be associated with cavities forming in the matrix 
within cracked silicon flakes and intermetallic eutectic colonies. The particles are then 
broken up further, and much more rapidly, as they enter the deformation zone. This 
process also introduces additional voids into the matrix. These refined particles are then 
re-distributed as the material continues to flow around the tool pin, and the voids are 
healed as the fragments become more dispersed within the Al matrix (fig. 7.3 to fig. 
7.6). 
In fact, particle refinement occurs very quickly as the particles enter the deformation 
zone close to the tool surface, where an intense shear strain develops, and the minimum 
particle size bottoms out at quite an early stage. This occurs within a short distance of 
~1.5 mm into the deformation zone which, is less than a quarter of a revolution of the 
tool. Fig. 7.7 summarises how the average particle size changes along the four different 
flow lines, starting at different positions across the tool (shown in fig. 7.1). It is apparent 
that, because particle fracture bottoms out quickly, the particles all reach a similar 
minimum average size irrespective of the flow path, apart from for the flow paths on the 
boarder of the deformation zone around the tool (e.g. the outmost data set in fig. 7.1). 
This is in agreement with the average particle size distributions across the PZ shown in 
section 5.5, which is relatively flat until reaching close to the edge of the pin width on 
the advancing and retreating side of the tool. There is thus a significant difference in the 
level of refinement only near the boundaries of the PZ, even though the material 
experiences a progressively lower strain rate and total strain across the nugget zone 
from the advancing to the retreating side [Reynolds, 2000]. This asymmetric flow 
behaviour has been modelled by several groups and the strain rate of material entering 
the deformation layer on the advancing side is generally predicted to be of the order of 
10-100 times higher than the retreating side [Colegrove et al., 2004; 2007]. 
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Fig. 7.7 Average particle size (ECD) measured along the different flow paths (see fig. 
7.1) around the tool pin within the stop action samples, FSP at a transverse speed of 200 
mm min
-1
, and rotation speeds of (a) 300 RPM and (b) 500 RPM.  
In composite materials, particle break up largely occurs by load transfer from the soft 
plastically deforming matrix to the hard non-deformable second phases [Clyne & 
Withers, 1995]. Few particles actually interact directly with the tool surface. The load 
on the particles causing their fracture will therefore be a strong function of the matrix 
flow stress, which is controlled by the Zener-Hollomon parameter and will reduce at 
higher temperatures and lower strain rates [Roberts, 1994]. In fig. 7.8, the affect of the 
temperature and strain rate on the material flow stress is predicted using the material 
constitutive law developed for the flow model (section 3.8.2). This shows that there is a 
peak in flow stress just before a quarter of a rotation. However, some caution should be 
used here, as the flow model tends to over predict the flow stress. When the changes to 
the particle size along the different flow paths across the PZ was compared to the strain 
rate and flow stress predictions (fig. 7.8), it was possible to see that particle refinement 
occurred predominately ahead of the tool. In fig. 7.9, an example of the change in 
particle size along the central flow path, from the stop-action sample processed with a 
transverse speed of 200 mm min
-1
 and a rotation rate of 500 RPM, is compared to the 
material flow stress predicted by the flow model. The size of the particles was found to 
reduce rapidly once material entered the deformation zone, due to the enormous strain 
experienced by the material. Interestingly, the size of the particles appeared to further 
reduce, as the flow stress continued to increase around the pin. However, after reaching 
the peak in flow stress, the load exerted on the particles started to fall with flow stress, 
due to the increase in temperature and decrease in strain rate, which at first sight, could 
explain why very little or no further particle refinement was observed, as material 
continued around the pin before being deposited (fig. 7.9). 
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Fig. 7.8 Graphs showing the change in strain rate, temperature and flow stress predicted 
by the flow model, and the change in particle size along the different flow paths across 
the pin, at a depth of 4 mm below the surface, after FSP at a transverse speed of 200 
mm min
-1
 and a rotation rate of 500 RPM. The deformation region has been marked out. 
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Fig. 7.9 Graph showing the change in flow stress and particle size, along the central 
flow path from the stop-action sample processed with a transverse speed of 200 mm 
min
-1
 and a rotation rate of 500 RPM. 
However, the stop action samples and the relatively small change in particle sizes with 
position and rotation rate, could suggest that the strain level reached in FSP is far higher 
than needed for the particles to approach a lower size limit, pretty much everywhere in 
the PZ, irrespective of the rotation rate. This minimum particle size is probably dictated 
by the smallest dimension and, or defect density, (e.g. caused by branching, twinning, or 
other stress concentrations) in the original eutectic Si particles in the cast starting 
material. Another factor that could influence the refinement process, and needs to be 
considered, is the pitch. In chapter 5.5, a more notable change in the averaged particle 
size was observed within the PZ when the transverse speed of FSP was changed rather 
than the rotation rate. The particles tended to be finer within the process zone FSP at a 
lower transverse speed (see section 5.5.2), although the flow model has predicted a 
reduction in the flow stress (see section 6.3), due to the increased in processing 
temperature. However, the pitch also reduces with decreasing transverse speed, meaning 
that a thinner layer of material is sheared by the tool each rotation (see section 7.3.1 
below). This would increase the fraction of particles that interacts with the tool surface. 
As a result, this is likely to have affected and reduced the average size to which the 
particles were being broken up. It should be noted that increasing the rotation speed also 
reduced the pitch, but the change in pitch was relatively small, in comparison to 
reducing the transverse speed, while a similar increase in temperature has been 
predicted. Therefore, in this case, the effect caused by the changes in temperature and 
pitch on the particle refinement process effectively balances out, and very little, or no, 
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significant change in the average particle size was observed when the rotation rate was 
increased. 
In comparison to particle break up, the processes of void healing and particle 
redistribution appear to require higher strains and temperature, and continue to improve 
all the way around the pin (fig. 7.3 to fig. 7.6). During the particle refinement process, a 
high density of voids in the matrix was generated as the particles were broken up (fig. 
7.10). The development of these voids, along the different flow lines, was analysed by 
using the same differential contrast technique used for measuring the size of the 
particles, but in this case, the area percentage within the optical images was measured 
instead. Due to the greater contrast between the much darker voids, compared to the 
lighter particles and background noises, the void density measurements was more 
accurate than the particle size measurements, and repeated measurements showed 
differences of no greater than ±5 %. The results are summarised in fig. 7.11. The 
majority of the voids were found to be generated ahead of the pin, between 0 to 0.5 mm 
into the deformation zone, and no clear trend could be observed with position across the 
PZ along the different flow path, as void formation and healing appears to be a 
relatively random process. Within the sample processed with a transverse speed of 200 
mm min
-1
 and a rotation speed of 300 RPM, where the pitch of the process was higher 
(0.67 mm rev
-1
), a higher quantity of voids was observed within the deformation zone, 
and the peak void density was as high as 4 % (area percentage). When the pitch was 
reduced to 0.2 mm rev
-1
, with a transverse speed of 100 mm min
-1
 and a rotation speed 
of 500 RPM, a lower density of voids was observed along the flow lines, and the peak 
density of voids developed were no greater than 1 % (area percentage) (fig. 7.11). This 
difference in void density was likely to have been caused by the increase in processing 
temperature as the pitch reduced. At higher temperatures, the Al matrix would become 
softer, and would be able to flow more easily under the hydrostatic pressure from the 
shoulder down force [Colegrove et al., 2007], and fill the gaps created by the broken up 
particles more readily  
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Fig. 7.10 High magnification optical images taken ahead of the pin, showing examples 
of the particle break up and void generation process. 
 
Fig. 7.11 Void density measured following the flow lines into the deformation layer, 
within the samples FSP at (a) 200 mm min
-1
 and 300 RPM, and (b) 100 mm min
-1
 and 
500 RPM. 
The particle refinement, and void formation and healing processes for the 0 mm flow 
path processed at 200 mm min
-1
 and 500 RPM are summarised in fig, 7.12. It is possible 
to see that as material entered the deformation zone, a high density of voids was 
generated, due to break up and separation of the particle fragments. However, since the 
size of the particles was rapidly reduced, and showed very little change after the initial 
refinement stage, the density of the void also reached a peak at a similar position to the 
bottoming out of particle refinement. The void number density then reduces quickly, as 
less particles are being broken up, and the voids start to be healed by the surrounding 
aluminium matrix. Continuing along the flow lines, no further particle refinement 
occurs, as the flow stress was reduced, therefore, voids were no longer generated. 
Existing voids were then further healed by the aluminium matrix, as the fragmented 
particles were separated and dispersed from their original cluster. 
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Fig. 7.12 Graph showing the change in flow stress, particle size and void density, along 
the central flow path from the stop-action sample processed with a transverse speed of 
200 mm min
-1
 and a rotation rate of 500 RPM. 
 
7.3.1 Banding 
Marker experiments [Colligan, 1999; Reynold, 2000; Seidel & Reynold, 2000; 
Krishnan, 2002] and model predictions [Xu et al., 2001; Colegrove & Shercliff, 2004i; 
2004ii; 2004iii; 2005; Kumar, 2007] (CFD see section 6.3) have shown that particles are 
deposited at a similar location behind the pin to their original position across the PZ 
ahead of the tool. From the plan view, it was possible to see that the particles on the 
advancing side of the PZ were fine and distributed relatively evenly within the 
microstructure. However, toward the retreating side of the PZ, particle free and particle 
rich bands were observed (fig. 7.13). The development of these bands were analysed by 
measuring the particle density along the transverse direction at a depth of 3 mm below 
the surface using the differential contrast technique. Greater errors of up to ±8 % 
difference were observed from repeated measurements, and this was due to the particle 
counts being highly sensitive to the background noise of the images. The results are 
presented in fig. 7.14, and the development of the bands was found to be closely related 
to the processing parameters (table 7.1). At a transverse speed of 200 mm min
-1
, particle 
bands were more observable within the sample processed with a rotation rate of 300 
RPM. The particles were less homogeneously distributed, and the mean separation 
distance between the bands was high (0.75 mm). The particle bands became less 
noticeable as the rotation rate was increased, and the mean separation distances between 
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the bands were reduced to 0.38 mm at a rotation rate of 700 RPM; therefore, the 
particles appeared to be more evenly distribution. It should be noted that the mean 
separation distance of the particle bands could not be measured for the sample 
processed with a rotation speed of 900 RPM, because the band’s separation distance 
was close to that of the measurement distance (field of view in the optical microscope). 
Such a dependence of the banding separation distance on the pitch has also been 
reported by other authors [Krishnan, 2002; Yan, 2007; Chen & Cui, 2008], and is 
believed to be related to a slight non-concentricity of the tool rotation, and/or the 
‘extrusion’ of material by the threads of the pin, with a periodicity of one tool 
revolution. 
 
Fig. 7.13 Plan view image along the transverse line, at a depth of 3 mm below the 
surface behind the tool, along the centre line, after FSP at a transverse speed of 200 mm 
min
-1
, with increasing rotation speeds of (a) 300 RPM, (b) 500 RPM, (c) 700 RPM and 
(d) 900 RPM. 
211 
 
 
Fig. 7.14 The particle density measured along the transverse direction on the retreating 
side of the PZ, at a depth of 3 mm below the surface behind the pin, after FSP at a 
transverse speed of 200 mm min
-1
, with increasing rotation speeds. 
Rotation Speed (RPM) 300 500 700 900 
Pitch (mm rev
-1
) 0.67 0.40 0.29 0.22 
Separation Distance of Particle Density Peak (mm) 0.75 0.56 0.38 - 
 
Table 7.1 Changes in pitch and average separation distance of the particle rich and 
particle free bands observed behind the pin, in plan view, after FSP at a transverse speed 
of 200 mm min
-1
, and increasing rotation speeds. 
 
7.4 Grain Refinement 
The development of the grain structure during FSP ahead and behind the tool was also 
examined in the stop-action samples.  Originally, the eutectic cells and dentritic grains 
within the cast material were very large, as seen in section 4.2, having a mean grain size 
of ~10 mm (fig. 7.15a). In comparison, the grains within the PZ were fully recrystallised 
and significantly finer after FSP. The size of the recrystallised grains was reduced to 
less than 6 µm ECD after FSP (fig. 7.15c). 
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Fig. 7.15 Polarised optical micrographs taken from Alloy-1, (a) before, and (b) and (c) 
after FSP at a transverse speed 200 mm min
-1
 and a rotation rate of 500 RPM, and from 
the centre of PZ. 
Differences in the grain structure could be observed from either side of the PZ. Firstly, 
on the advancing side (fig. 7.16a), the boundary between the PZ and the TMAZ was 
defined by a sharp transition from the fine recrystallised grains to the large grains 
originating from the casting. On the other hand, the boundary was less distinct on the 
retreating edge (fig. 7.16b) and the transition from the PZ to the TMAZ was more 
gradual, with a wider intermediate region of deformed and elongated grains visible. 
Secondly, the recrystallised grains on the advancing side were generally finer than on 
the retreating side (fig. 7.17). 
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Fig. 7.16 Polarised optical images from (a) the advancing and (b) retreating edge of the 
anodised PZ of Alloy-1, after FSP at a transverse speed of 200 mm min
-1
 and rotation 
rate of 500 RPM. 
 
Fig. 7.17 Polarised optical images from witnin the PZ, on (a) the advancing and (b) 
retreating side of Alloy-1, after FSP at a transverse speed of 200 mm min
-1
 and rotation 
rate of 500 RPM. 
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Examples of EBSD orientation maps obtained from ahead of the pin, from the stop-
action sample processed at a transverse speed of 200 mm min
-1
 and a rotation rate of 
300 RPM, using a scanning step size of 0.3 μm, are shown in fig. 7.18. It should be 
noted that due to similarity in the diffraction patterns from the Al and Si phases, Si 
particles were often mis-indexed as Al within the EBSD maps. Examples of some of 
these Si particles have been highlighted in white (fig. 7.18). The top half of fig. 7.18 
(fig. 7.18b) effectively shows the microstructure of the original as-cast alloy, where the 
grains and particle were very large and no deformation has occurred. As the tool 
advances through the workpiece, material approaching the tool pin starts to become 
deformed within the TMAZ, but before entering the deformation zone (fig. 7.18c), 
where the Al matrix and the second phase particles became strained and sheared by the 
tool. The grains were deformed, and large densities of low angle grain boundaries 
(LAGB) were developed (fig. 7.19, highlighted in yellow).  Moving further into the 
deformation zone, recrystallisation can be readily seen up to ~0.2 mm ahead of the tool 
(fig. 7.18d). The recrystallisation and grain refinement process is driven by severe 
plastic deformation and the temperatures reached, as the rotating pin travels through the 
material. Typically, this process promotes continuous recrystallisation of very fine new 
grains with high angle grain boundaries (HAGB) [Prangnell & Heason, 2005; Etter et 
al., 2007]. However, most previous published work was carried out on alloys with few 
large particles present. The grains seen here were very fine, and using the mean linear 
intercept (MLI) method, the average size was found to be ~1.5 μm. However, it is 
important to note that since the Al-Si alloy contains a high volume fraction of Si and 
intermetallic particles, the size of these particles should also be included into the 
calculation when measuring the grain size of the Al matrix, particularly as the Si 
particles were often mis-indexed as being aluminium. Visually, it is possible to see from 
the PZ of the anodised samples that the size of the recrystallised grains and the broken 
up particles are a very similar in size. In fact, some of the refined Si particles can be 
found to be larger than the recrystallised grains. Therefore, when calculating the size of 
the grains in the presence of these particles can then lead to over-prediction of the grain 
size. 
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Fig. 7.18 (a) Low magnification EBSD map taken ahead of the pin from the stop-action 
sample, FSP at a transverse speed of 200 mm min
-1
 and a rotation rate of 300 RPM, 
while (b), (c) and (d) shows the high magnification EBSD maps, from the 
corresponding positions. 
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By closer examination of the grain structure development ahead of the tool, the 
recrystallisation process appears to have been influenced by the high volume fraction of 
particles within the microstructure. It should be noted that because of the difficulty in 
mapping a two phase alloy with a high particle density, the orientation maps were more 
difficult to interpret. Nevertheless, examples of particle simulated nucleation (PSN) of 
recrystallisation can be observed within the transition region [Apps & Prangnell, 2003; 
Humpheys & Hatherly, 2004] (fig. 7.19). PSN is often found to occur in materials 
containing particles of diameter greater than 1 µm, and if the prior deformation is 
carried out below a critical temperature, or above a critical strain rate [Humphreys, 
1977; Humpheys & Hatherly, 2004]. Hard particles within the material, and here in 
particularly the large elongated eutectic Si particles, cause plastic heterogeneity, leading 
to the formation of a deformation zone around the particle, where large matrix 
orientation gradient are observed that contain a high density of dislocations and 
subgrain boundaries. In order for a new nucleus to then form, the maximum 
misorientation within the deformation zone must be sufficient to form a high angle 
boundary with the matrix [Humphreys, 1979; Humphreys & Hatherly, 2004]. Whether 
this occurs, or not, depends on the particle size and relaxation rate of the particle misfit 
that is generated with strain. This depends strongly on the temperature, and to a less 
extent on the strain rate [Humphreys & Hatherly, 2004]. In PSN, the nucleus always 
tends to form close to the particle surface because this is where the orientation gradient 
is highest. The growth of a subgrain in a region of large orientation gradient was found 
to be independent of subgrain size, but proportional to the magnitude of the orientation 
gradient [Humpheys & Hatherly, 2004]. The size to which a subgrain must grow to 
achieve a high angle boundary is also inversely proportional to the orientation gradient 
[Humpheys & Hatherly, 2004]. Since diffusion can reduce the particle misfit, 
deformation zones do not form at high temperatures, and Humphreys and Kalu 
[Humphreys & Kalu, 1987] have shown that the critical strain rate for the formation of a 
deformation zone at a particle of diameter d is given by: 
    
      
   
  
 
   
 
      
   
  
 
   
   (Eq. 7.1) 
where K1 and K2 are constants, and Qv and Qb are the activation energies for bulk and 
boundary diffusion. This relationship has been found to be obeyed in Al alloys for a 
wide range of particle sizes and deformation conditions, with K1 = 1712 m
2 
s
-1 
K and K2 
= 3x10
-10
 m
3
 s
-1
 K [Humpheys & Hatherly, 2004]. Assuming the mean particle size 
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ahead of the tool to be ~10 µm, the critical strain rates can be calculated to be 8x10
-6
 s
-1
 
at 200 °C and 6 s
-1
 at 500 °C. The extreme strain rate experienced by the material during 
FSP, as predicted by the flow model in section 6.3, will easily exceed this critical strain 
rate even close to the melting temperature. As a result, PSN has been observed within 
the Al-Si alloy investigated, and at lower strains just at the edge of the DRZ, fine 
recrystallised grains developed around the breaking up particles (fig. 7.19b). Moving 
further towards the DRZ, the microstructure contains a greater amount of recrystallised 
grains, with some highly sheared grains still present (fig. 7.19d). It is possible that PSN 
only occurs as an observable effect ahead of the tool, where the strain was low. Coarse 
second phase particles have been suggested to increases the rate of grain refinement, 
due to hetergeneous plastic flow [Apps & Prangnell, 2003; Berta et al., 2005]. Once the 
material was further deformed, on entering the deformation layer, all the grains 
including the PSN grains will be destroyed and refined by severe deformation, causing 
continuous recrystallisation. 
An example of an EBSD maps, using a scanning step size of 0.3 μm, obtained from the 
centre of the PZ behind the tool, after FSP at 200 mm min
-1
 transverse speed and 500 
RPM rotational speed, is shown in fig. 7.20. The average size of the grains within the 
recrystallised microstructure was found to be ~3 μm in diameter. This calculated value 
agrees well with the findings in other literatures [Su et al., 2003; Johannes et al., 2007i; 
2007ii], which have reported that a mean grain size of 2-6 μm can usually be achieved 
by FSP in aluminium. 
Compared to the recrystallised grains observed within the deformation layer ahead of 
the tool, the grains found behind the tool are generally larger. This is due to grain 
growth, which occurs as the material tries to reach an equilibrium state, after being 
deposited behind the pin, while cooling back down to room temperature. In addition, the 
average size of the grains on the retreating side of the PZ was found to be larger than 
that on the advancing side. For example, within the PZ generated at a transverse speed 
of 200 mm min
-1
 and a rotation rate of 500 RPM, the mean grain size increased from 2.5 
μm on the advancing side, to 6 μm on the retreating side (fig. 7.21).  
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Fig. 7.19 Scanning electron micrographs, and their corresponding EBSD maps, taken at 
poistions (a) & (b) 0.4 mm, (c) & (d) 0.3 mm, and (e) & (f) 0.2 mm along the centre line 
ahead of the pin, from the stop-action sample processed at a tansverse speed of 200 mm 
min
-1
 and a rotation rate of 300 RPM. 
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Fig. 7.20 Example of an EBSD map obtained from the centre of the PZ within Alloy-1 
after FSP at 200 mm min
-1
 transverse speed, and 500 RPM rotational speed. Examples 
of the ‘grains’ which are Si particles have been circled in white. 
The differences in grain size across the PZ behind the tool can be related to the size and 
density of the particles within the microstructure. By consider the driving pressure for 
grain growth, and the dragging pressure due to particle dispersion, the Zener limiting 
grain size     can be estimated using the equation [Haroun & Budworth, 1968]: 
    
  
  
   (Eq. 7.2) 
where r and f are the average radius and volume fraction of the particles, respectively. 
Examples of the change in the Zener limiting grain size across the PZ, generated at a 
transverse speed of 200 mm min
-1
 and a rotation rate of 500 RPM, can be seen in fig. 
7.22. However, the geometric factor 2/3 is poorly known, and can vary significantly 
[Haroun & Budworth, 1968]. Furthermore, optical microscopy can not detect all the 
finest particle fragments, which have a disproportionally large effect on    . 
Nevertheless, in the examples shown in fig. 7.21 and fig. 7.22, it can be seen that there 
is a close correlation between     and the measured grain size behavior, which differ by 
a factor of ~3. Since the size of the refined particles generally increases from the 
advaning to the retreating side of the PZ, the pinning pressure was therefore reduced. As 
a result, the grain boundaries on the retreating side will have a greater mobility to 
bypass the dispersed particles within the microstructure, so the limiting grain size 
increases towards the retreating side of the PZ, and the grains reach a larger mean size 
than on the advancing side after FSP. It should be noted that an inhomogenous particle 
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distribution caused by banding will also contribute to a difference in grain size between 
the advancing and retreating sides (section 5.4). 
 
Fig. 7.21 Graph showing the change in average grain size (ECD) across the mid-plane 
of the PZ, FSP at a transverse speed of 200 mm min
-1
 and a rotation rate of 500 RPM. 
 
Fig. 7.22 Graph showing the estimated change in Zener limiting grain size in diameter 
across the mid-plane of the PZ, FSP at a transverse speed of 200 mm min
-1
 and a 
rotation rate of 500 RPM. 
It has also been suggested that differences in the grain structure on either side of the 
FSP zone are due to the material being subjected to different degrees of deformation 
during processing [Reynolds, 2000; Seidel & Reynold, 2001], as predicted by the flow 
model (fig. 7.23). On the advancing side of the pin, there is an enormous strain gradient 
with an abrupt boundary between the deformed and parent material. The deforming 
material travels a longer distance round the tool before being deposited behind the pin, 
hence the microstructure in this region is highly deformed and fully recrystallised. On 
the other hand, material close to the edge of the pin on the retreating side is only 
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subjected to lower strain gradients and degrees of deformation, causing the boundary 
between the PZ and TMAZ to be spread over a wider distance. It has been predicted by 
the flow model that the total strain experienced by the material on the advancing side of 
the PZ is typically at least twice that than on the retreating side. 
 
Fig. 7.23 Image showing the predicted flow behaviour of material around the tool 
during FSP, along the different flow paths across the PZ. 
 
7.5 Summary 
In order to investigate the flow behaviour and particle refinement mechanism during 
FSP, stop-action experiments were carried out, where the microstructural changes 
occurring around the tool pin during FSP were studied by ‘freezing’ the process. By 
sectioning the PZ around the pin at a depth of 4 mm below the surface of the workpiece, 
it was found that the deformation layer developed around and ahead of the tool pin 
during FSP was reduced when the pitch was decreased. This is due to an increase in 
processing temperature, which softens the material and localises deformation. The 
particles were observed to start breaking up just ahead of the deformation zone, and 
became rapidly refined once the particles entered the deformation region. During the 
refinement process, a high density of voids was also generated. Furthermore, the density 
of voids generated during FSP was found to be reduced with a decreasing pitch. This is 
due to the softening of the Al matrix as the processing temperature increased, allowing 
material to flow around the particles more easily. Also, as the pitch was reduced, the 
amount of material that was transported and mixed by the tool per-revolution was 
reduced, thus generating fewer voids when the particle fragments separated. By 
comparing the change in particle size to the flow stress predicted by the flow model, 
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along the different flow paths across the PZ, it was possible to see that as the flow stress 
continued to increase into the deformation layer further particle refinement could be 
observed, until a peak in flow stress was reached, just before a quarter revolution of the 
tool. Meanwhile, fewer voids were generated, and the healing process of the voids and 
the redistribution of the particles required a higher strain, and continue to improve all 
the way around the tool. After reaching the peak in the flow stress, there appeared to be 
no further change to the size of the particles as the material were transported around the 
tool, and this can be explained by the drop in the flow stress, and effectively, the load 
on the particles. Behind the tool, particles have been predicted to be deposited at a 
similar position across the PZ to their original position ahead of the tool, but form high 
and low particle density bands. The mean separation distance of these bands are closely 
related to the processing pitch, which was reduced as the pitch was decreased. 
The grains were found to be fully recrystallised within the PZ after FSP. As material 
enters the shear region ahead of the tool, grains became strained and a high density of 
dislocations and low angle grain boundaries started to develop. Further into the 
deformation layer, recrystallisation took place and appeared to be greatly influenced by 
the high volume fraction of second phase particles within the cast Al-Si alloy, causing 
particle stimulated nucleation (PSN) of recrystallisation around the larger particles, 
which has been suggested to increase the rate of grain refinement. As the material 
continued to deform around the tool, it appears that all the grains, including the PSN 
grains, were destroyed by the enormous strain and strain rate experienced by the 
material, and further grain refinement occurred via continuous recrystallisation. When 
the material was deposited behind the tool, a very fine and fully recrystallised grain 
structure was generated. The grains were then able to grow, but were limited in size, 
because of the rapid cooling rate experienced. In general, the size of the recrystallised 
grains within the PZ was ~3-5 µm, and was found to be larger on the retreating side 
than the advancing side of the PZ. This is due to the lower grain boundary mobility, 
caused by a higher Zener pinning presure on the advancing side of the PZ. This resulted 
from the finer and more randomly distributed particles on the advancing side, which 
exert a greater pinning pressure on the grain boundaries. 
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Chapter 8 
Microstructural Stability 
8.1 Introduction 
In order to determine the feasibility of using FSP to improve the high temperature 
properties of Al-Si alloys used in engine applications, the elevated temperature 
microstructural stability of the material after FSP was evaluated. In general, 
microstructures after FSP are known to be unstable, especially at elevated temperatures 
[Charit et al., 2002; Hassan et al., 2003; Attallah & Salem, 2005], due to the rapid rate 
of heating and cooling experienced by the material during FSP, which prevents the 
material from reaching a stable state. Therefore, it is possible for grain growth and 
particle coarsening to occur when the FSP material is exposed to high working 
temperatures. Abnormal grain growth has, in particular, been reported to be a significant 
problem in FSW processed Al-aerospace alloys [Mishra et al., 2001]. To investigate the 
behaviour and the degree of microstructural instability after FSP, samples were heat 
treated isothermally at different temperatures and isothermally for different time 
periods, to simulate working conditions within the engine, and the results before and 
after heat treatment were compared. The grain structures were examined under polarised 
light using optical microscopy after being anodised, and the particles were analysed 
using computer image analysis software. Mechanical properties were also investigated, 
with material hardness measured across the whole of the PZ, and tensile testing carried 
out at both room and elevated temperatures. 
 
8.2 Particle Stability 
As reported in section 5.4, the typical mean particle size achieved within the PZ after 
FSP at a transverse speed of 200 mm min
-1
 was 2-3 µm ECD. Heat treating the samples 
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for 1 hr at 400 and 450 ˚C appeared to show no notable changes to the particle size (fig. 
8.1), although the very fine particles that existed within the microstructure appeared to 
have disappeared. Thus, for short heat treatment times, the larger second phase particles 
within the alloy were thermally stable up to these temperatures. However, the larger 
particles became geometrically smoother and more rounded. Their spheroidisation is 
driven by a reduction in surface energy, causing the diffusion of atoms along their 
interface [Humphreys, 2004]. On the other hand, heat treating the samples at 500 ˚C 
resulted in observable changes to the size of the particles. After heat treating for 1 hr, 
significant particle coarsening was observed, where the finer particles started to vanish 
from the microstructure (fig. 8.1e & fig. 8.1f). Ostwald ripening is driven by the 
reduction in interfacial energy between the second phase particles and the matrix, where 
the atoms from the smaller particles will migrate to the larger particles. Therefore, 
increasing the temperature increases the thermal energy and the diffusion coefficient D 
of the solute through the matrix: 
        
  
  
    (Eq. 8.1) 
where D0 is the maximum diffusion coefficient, E is the activation energy, R is the gas 
constant, and T is the temperature, and so the rate of particle coarsening was increased. 
An idealised case in particle coarsening can be represented by Lifshitz-Slyozov-Wagner 
theory [Lifshitz & Slyozov, 1961], which describes the kinetics of coarsening, in a solid 
solution based on several assumptions, such as the coarsening second phase being 
spherical in shape, having a fixed position and zero effective volume fraction. The 
theory concludes that the average growth rate of a distribution of particles size is: 
       
  
    
    
   
     (Eq. 8.2) 
where   is the average radius of the particles, γ is the particle surface energy, Vm, D and 
C∞ is the molar volume, diffusion coefficient and solubility of the particle material, 
respectively, R is the ideal gas constant, T is the absolute temperature, and t is the time. 
One of the key findings from the theory is that the growth of the particles is dependent 
on time, as t
1/3
. The Si particles further coarsened as the length of heat treatment 
increased, and after ~24 hrs, the particles appeared to have approached a size close to 
their maximum, showing little further significant size increase (fig. 8.2), as the 
coarsening rate of the particles dramatically reduced. 
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Fig. 8.1 Optical images showing the changes to the particle size and shape in Alloy-1 
after FSP and heat treatment, on the advancing and retreating side of the PZ 
respectively. (a) and (b) are obtained straight after FSP while the other images were 
taken from samples heat treated at  450 ˚C for 1 hr (c & d), and 500 ˚C for 1 hr (e & f) 
and 24 hrs (g & h). 
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Results from the analysis of the change in average particle size across the PZ, as a 
function of heat treatment temperature and time are shown in fig. 8.3.  It is possible to 
see that the mean particle size was always higher on the retreating than the advancing 
side of the PZ, and after heat treating at 500 °C for 48 hr, the mean particle size on the 
retreating side was nearly twice that on the advancing side. According to Lifshitz-
Slyozov-Wagner theory [Lifshitz & Slyozov, 1961], lattice diffusion controlled particle 
coarsening is directly proportional to t
1/3
. Results are plotted against t
1/3 
in fig. 8.4, and it 
is possible to see that the rate of particle growth tended to increase from the advancing 
to the retreating side of the PZ. This is likely to be due to the particles being less evenly 
distribution, and more clustered on the retreating side, which allowed particle 
coarsening to occur more readily, as diffusing atoms were only required to travel for 
shorter distances from the smaller to the larger particles.  
A similar dependence of particle clustering on the coarsening rate has also been 
reported by Snyder et al [Snyder et al., 2000; 2001], who investigated the coarsening of 
solid Si particles in a Pb-Sn liquid mixture, and concluded that the coarsening rate of 
particles was faster within a highly correlated structure of clustered particles, than a 
system with randomly distributed second phase particles. Another factor that affects the 
rate of particle coarsening is the diffusion of solute along dislocations and grain 
boundaries, causing short-circuit diffusion. It is well established that the activation 
energy for diffusion on dislocations and grain boundaries is much lower than within the 
lattice [Voorhees, 1985; Jayanth & Nash, 1989; Hoyt, 1991], due to a higher density of 
vacancies at these sites. The diffusivity is therefore also high, and the particles that lie 
on the dislocations and grain boundaries grow faster than those within the matrix. Due 
to abnormal grain growth on the advancing side of the PZ (see section 8.3), the density 
of the grain boundaries was quickly reduced, so only a low degree of particle coarsen 
took place along the grain boundaries. On the other hand, the grains on the retreating 
side of the PZ grew more uniformly, and large particles have been observed along, or 
close to the grain boundaries (fig. 8.5), due to the enhanced particle growth rate. Since 
the microstructure within the PZ is fully recrystallised and dislocation recovery can 
occur during heat treatment, pipe diffusion is believed to have very little influence on 
the rate of particle coarsening within the PZ. The volume fraction of the particles also 
affects the rate of particle coarsening. By increasing the volume fraction of the second 
phase particles, the rate of particle coarsen has been found to increase, due to the higher 
possibility of particle encounters and coalescence [Davies et al., 1980]. Although the 
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volume fraction of second phase particles decreases at high temperatures, as predicted 
by JMatPro Software in section 4.4, there should be very little, or no significant, volume 
fraction variation throughout the PZ, therefore the differences in particle coarsening rate 
between the advancing and retreating side of the PZ is unlikely to be caused by the 
influence of the volume fraction. Furthermore, changing the rotation speed appeared to 
show no major differences to the coarsening rate of the particles (fig. 8.4). This suggests 
that the stability of the refined particles is not dependent upon the rotation speed of FSP, 
which is because the refined particles were found to be very similar in size after FSP 
irrespective of changes to the processing parameter (see section 5.5). 
 
Fig. 8.2 Graphs showing the average particle size within the PZ of Alloy-1, heat treated 
at a temperature of 500 °C and as a function of time. 
 
Fig. 8.3 Graphs showing the mean particle size across the PZ of Alloy-1, after FSP at 
(a) 500 RPM and (b) 700 RPM, and heat treated at various temperatures and for 
different lengths of time at 500 °C. 
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Fig. 8.4 Particle Coarsening Rate in Alloy-1, at 500 ˚C for samples processed with a 
transverse speed of 200 mm min
-1
 and rotation rates of (a) 500 RPM and (b) 700 RPM. 
 
Fig. 8.5 Polarised images from (a) the advancing side and (b) the retreating side of the 
PZ, after FSP at 200 mm min
-1
 and 700 RPM, and heat treated at 500 ˚C for 10 hrs. 
 
8.3 Grain Structure Development 
After FSP, the grain structure within the PZ was found to be greatly refined, with a 
mean grain size of ~2-3 µm, as reported in section 7.4. However, after heat treatment, 
the FSP samples exhibited grain growth within the PZ. As expected, increasing the heat 
treatment temperature and time resulted in a greater degree of grain growth, due to 
enhanced diffusivity. Differences in the grain growth behaviour were also observed on 
the advancing and retreating sides of the PZ (fig. 8.6).  
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Fig. 8.6 Polarised optical images of the anodised samples, after FSP of Alloy-1 at 200 
mm min
-1
 and 500 RPM. (a) and (b) are obtained straight after FSP, from the advancing 
and retreating side respectively, while the other images were taken from samples heat 
treated at  450 ˚C for 1 hr (c & d), and 500 ˚C for 1 hr (e & f) and 24 hrs (g & h).  
230 
 
The change in grain size across the PZ after heat treatment is shown in fig. 8.7. Heat 
treating for 1 hr at 400 ˚C and 450 ˚C resulted in no significant grain growth on the 
advancing side of the PZ fig. 8.6c, because the high volume fraction of highly refined 
and randomly distributed particles within the microstructure was efficient in pinning the 
grain boundaries and sub-pressing grain mobility [Humphreys, 2004]. However, the 
particles were coarser and less uniformly distributed on the retreating side of the PZ, 
therefore the grains were able to grow more easily during post-process heat treatment. 
The grains appeared to grow hetergeneously in size (fig. 8.8), reaching a mean grain 
size of ~45 µm. It should be noted that due to the difficulty of anodising a two phase 
material, and the low resolution of the optical images, errors in grain size measurements 
can be very high and generally over estimated when the grains are very fine. Repeated 
measurements have shown differences of ±20 %, but as the mean grain size increased, 
the errors were significantly reduced, and became no greater than ±5 %. Nevertheless, 
while it was difficult to be certain, grain growth in this region of the PZ appeared to be 
abnormal, where a few grains within the microstructure grows more rapidly than the 
surrounding grains. 
 
Fig. 8.7 Graphs summarising the grain size across the PZ after different heat treatments, 
for the samples FSP at 200 mm min
-1
, and (a) 500 RPM and (b) 700 RPM. 
On the other hand, after heat treating at 500 ˚C, grain growth also occurred on the 
advancing side of the PZ, and a hetergeneous grain size developed within the 
microstructure, which appeared to indicate abnormal grain growth (fig. 8.6e). At 500 
˚C, grain boundaries have higher mobility and can by-pass the refined pinning particles, 
because of coarsening of the refined particles at elevated temperature reduces the 
pinning force on the grain boundaries. On the retreating side, a more uniform 
distribution of larger grains can be observed, with most of the existing finely 
recrystallised grains being consumed. At this side of the PZ, there appeared to be little, 
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or no, significant differences when compared to samples that were heat treated at lower 
temperatures, suggesting that grain growth occurs readily above 400 ˚C on the retreating 
side of PZ. Furthermore, increasing the time of heat treatment at 500 °C appeared to 
show no further grain growth on the retreating side, which reached a limiting grain size 
within a 4 hr exposure at elevated temperature (fig. 8.9). However, abnormal grain 
growth was again seen with increasing heat treatment time towards the advancing side, 
up to ~10 hrs, in which the finely recrystallised grains were totally eliminated from the 
microstructure, and replaced by much larger grains (fig. 8.6g). At this stage, the grain 
structure achieved steady state, and increasing the time of heat treatment showed no 
further changes to the grain size.  
 
Fig. 8.8 Polarised images from the sample processed at a transverse speed of 200 mm 
min
-1
 and a rotation rate of 500 RPM, after heat treating at 400 °C for 1 hr. (a) is from 
the centre, and (b) from the retreating side of the PZ. 
 
Fig. 8.9 Graphs showing the change in grain size during heat treatment, plotted against 
(a) temperature, while the samples were heat treated for 1 hr, and (b) time, while the 
samples were heat treated at 500 °C. 
 
(a) (b) 
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By considering the theory of recovery, recrystallisation, and grain growth proposed by 
Humphreys [Gholinia et al., 2000; Humphreys, 2004], it is possible to predict the grain 
growth behaviour within the PZ during post-weld heat treatment. An example of 
Humphreys’ microstructure stability map, used by several authors [Humphreys, 1997; 
Hassan et al., 2003] is shown in fig. 8.10, where the particle dispersion level (Fv/d) is 
plotted against the mean grain size (  ). The various growth regimes are calculated by 
considering the particle pinning pressure, and the mobility and growth behaviour of the 
grains, which has been describe in section 2.8. Although these relationships clearly do 
not hold when the pinning particles are unstable, and progressively coarsen and dissolve 
during heat treatment, it is still possible to predict the general behaviour that is expected 
to occur if the particles within the microstructure are assumed to be thermally stable.  
 
Fig. 8.10 The various growth regimes plotted from Humphreys [Humphreys, 2004], as a 
function of the matrix grain size, and the particle dispersion level (Fv/d). 
The microstructural statistics for the alloy (both particle size and grain size parameters) 
after FSP were measured and plotted onto the graph. It can be observed that the 
microstructure on both the advancing and retreating side of the PZ lies within the 
abnormal growth regime. Therefore, abnormal grain growth was expected to occur 
throughout the PZ after FSP. However, on the retreating side of the PZ, the particles 
were coarser and distributed in clusters, and therefore the pinning pressure was lower. 
Furthermore, due to the higher particle coarsening rate, and dissolution of second phase 
particles, the pinning pressure is expected to reduce during heat treatment. Therefore, 
abnormal grain growth only requires a relatively small size advantage (low values of 
R/  ) to occur, and was readily observed even after heat treating at 400 °C (fig. 8.8). 
Humphreys has also shown that the maximum grain size achieved in abnormal grain 
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growth is relatively low when the condition greatly favours instability, as was observed 
in fig. 8.10 [Humphreys, 2004], where the growing grains quickly reached their limiting 
size. On the advancing side of the PZ, the finer and more randomly distributed particles 
present in the microstructure exerts a greater pinning pressure on the grain boundaries. 
In addition, the particle coarsening rate on the advancing side was found to be lower. 
Therefore, the grains were more stable up to temperatures of 450 °C (for 1 hr), before 
abnormal grain growth started to occur at 500 °C. It can be seen from fig. 8.10 that the 
condition for abnormal grain growth now requires a larger R/   value. Therefore, 
instability will only occur when there is a very large grain present, which then leads to 
the development of fewer but larger grains than on the retreating side of the PZ. 
 
Fig. 8.11 Polarised images on the advancing and retreating side of the PZ, from the 
Alloy-2 samples after FSP with a transverse speed of 200 mm min
-1
 and a rotation rate 
of (a) & (b) 500 RPM, and (c) & (d) 700 RPM, following heat treatment at 500 °C for 
48 hr. 
When samples processed at different rotation speeds were compared, the specimens 
processed at 700 RPM appeared to show better microstructure stability after heat 
treating at 400 and 450 ˚C, than the samples processed at 500 RPM. Grain growth was 
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not observed until closer towards the retreating edge of the PZ, as increasing the 
rotation speed generated a more even and randomised particle distribution further into 
the retreating side of the PZ, which was sufficient in pinning the grain boundaries. In 
addition, after heat treating at 500 ˚C, the grain size data demonstrated a lower level of 
scattering. It is possible to see from fig. 8.10 that by having a larger initial grain size 
after FSP, due to the higher processing temperature, a larger value of R/   is required in 
order to achieve instability, and the resulting grains were therefore slightly larger than 
the grains observed in the samples FSP at 500 RPM (fig. 8.9 & fig. 8.11). 
Results from this investigation have shown similar findings to those reported by 
previous work from other authors [Charit et al., 2002; Hassan et al., 2003; Attallah & 
Salem, 2005]. They have also suggested two main methods for preventing a coarse 
grain structure from being developed after FSP. Firstly, it is possible to increase the 
pinning pressure on grain boundaries by increasing the volume fraction of the high 
temperature stable particles, in order to stop grain boundary migration. An alternative 
approach will be to select the friction stir parameters to achieve a coarser and uniform 
grain structure within the PZ, therefore, reducing the driving force for grain growth. 
 
8.4 Hardness Tests 
The hardness values of the original as-cast alloys are shown in table 8.1. Alloy-1 had 
the lowest hardness (102 Hv) because it contained the lowest volume fraction of second 
phase particles. Alloy-2 had a slight higher hardness (111 Hv) due to the increased 
volume fraction of primary Si particles, and Alloy-3 had the highest hardness (120 Hv), 
out of the three alloys, since it contained the greatest volume fraction of second phase 
particles, which are harder than the Al matrix, generated as a result of the addition of Ni 
to the alloy.  
Material Alloy-1 Alloy-2 Alloy-3 
Hardness (Hv) 102 111 120 
 
Table 8.1 Averaged hardness values of the original as-cast alloys. 
After FSP, there appeared to be only small changes in hardness for all three alloys 
within the PZ. Examples of the hardness profiles across the PZ of Alloy-1 after FSP at 
different rotation rates are summarised in fig. 8.12. Such a behaviour has not often been 
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observed in non-heat treatable alloys, which tend to show an improvement to the 
hardness due to the refinement in microstructure, or a reduced hardness if welded from 
a strained hardened condition [Etter et al., 2007]. Even though the grains were greatly 
refined after FSP, Hell-Petch hardening can be demonstrated to result in very little 
influence within the Al-Si cast alloys. The relationship between the hardness Hv and the 
grain size d is given by Hell-Petch equation [Sato et al., 2001]: 
          
       (Eq. 8.3) 
where H0 is the intrinsic hardness and kH is the material constant. For example, the 
extrapolated values for the boundary-free condition and the gradient of the Hall-Petch 
equation for the 1050 pure aluminium alloy welds have been reported to be H0 = 18.2 
Hv and kH = 18.9 Hv mm
-1/2
 [Sato et al., 2001]. Using Eq. 8.2, the PZ with a mean grain 
size of 4-5 µm can therefore be estimated to have an average hardness of ~27 Hv, 
whereas the base material with a grain size of ~10 mm has an average hardness of about 
19 Hv. It is therefore possible to see that the influence of grain size on the hardness of 
the alloy is in the order of only ~10 Hv. Also, the strengthening effect of the refined 
second phase particles can also be calculated using the Ashby-Orowan strengthening 
equation, given by: 
         
       
 
  
 
 
   (Eq. 8.4) 
where          is Orowan strengthening caused by the second phase particles, Gm and 
b are the shear modulus and burger vector of the matrix respectively,  r is the radius of 
the particles, and λ is the interparticle spacing, expressed as: 
      
 
   
 
   
      (Eq. 8.5) 
where Vp is the volume fraction of the particles [Dieter, 1986]. Using Eq. 8.3, the PZ 
with a mean particle size of 2.6 µm can therefore be estimated to contribute to a 
         of 5.9 MPa, and the base material with a mean particle size of 16 µm will 
only result in a          of 0.9 MPa. Assuming that             (Eq. 8.5), it is 
possible to see that the effect of the refined grain size and particles after FSP is to only 
improve the hardness by just over 11 Hv. This is because there is a weak dependence of 
hardness on grain size in most Al alloys, and even after FSP, the particles are still too 
large within the microstructure to contribute to a significant Orowan strengthening 
effect. Similar results have also been presented by Nakata et al [Nakata et al., 2006], 
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who investigated the change in mechanical properties of an ADC12 aluminium die 
casting alloy by multi-pass FSP. Although in this work the hardness was reported to 
have increased by ~20 Hv after FSP, the measurements were averaged across high 
porosity density regions within the parent material. Therefore, when the hardness was 
just compared between the defect free regions of the parent material and the PZ, very 
little change in hardness was in fact observed [Nakata et al., 2006]. This suggests that 
the hardness of the cast Al-Si alloys is largely determined by the solute present. 
However, the high volume fraction of the second phase particles that exist within the 
alloys can also increase hardness by constraining yielding through load transfer 
(Eshelby strengthening), and enhanced work hardening [Clyne & Withers, 1995]. In a 
two phase material, the Eshelby inclusion approach to predicting strengthening is 
independent of particle size. In contrast, work hardening rates, during hardness 
indentation, are higher with a smaller particle size, but saturate more readily [Clyne & 
Withers, 1995]. 
 
Fig. 8.12 Hardness profiles across the PZ of Alloy-1 after FSP at a transverse speed of 
200 mm min
-1
 and increasing rotation rate. 
However, increasing the rotation rate and processing temperature resulted in a slight 
increase in hardness. As this has little effect on the level of particle refinement, this 
could be because of the dissolution of the Al2Cu phase, present as a eutectic in the cast 
alloy, which can then precipitate as GPZs during natural ageing, and increase the 
hardness of the material. Alloy-1 contains ~4.5 wt% Cu. Using JMatPro, it can be 
predicted that the solvus temperature of the Al2Cu phase occurs just above 450 °C (fig. 
8.13). This is in good agreement with the work carried out by Samuel et al [Samuel et 
al., 1996], who investigated the dissolution and melting of the Al2Cu phase in Al-Si 
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alloys during solution heat treatment, and found that dissolution of the eutectic Al2Cu 
occurred at temperatures close to 480 °C. The rate of dissolution was also accelerated 
with increasing solution temperature. For FSP carried out at a transverse speed of 200 
mm min
-1
, the peak temperature reached within the PZ was predicted by the thermal 
model to exceed 480 °C at rotation rates higher than 700 RPM (see section 6.2.3). 
Therefore, dissolution of the Al2Cu phase will occur within the PZ, and the fast cooling 
from the FSP thermal cycle retains the solute in solid solution, which then allows fine 
precipitate to develop, increasing the yield strength of the material. It should be noted 
that a low density of strengthening precipitates, such as GP1 and GP2 zones, θ″ and θ′, 
are also known to be present within the original as-cast Al-Si alloy [Daykin, 1997]. Ma 
et al also suggested that a strengthening effect can be caused by the dissolution of 
Mg2Si, which also precipitate out from solid solution during room temperature natural 
ageing [Ma et al., 2006ii]. However, within the Al-Si alloys investigated, the 
strengthening influence of the Mg2Si phase will be relatively low, as the Mg content 
was only ~0.2 wt %, compared to the ~0.36 wt % within the sand-cast A356 alloy 
investigated by Ma et al. 
Greater changes to the hardness profile of the PZ were observed after the samples were 
heat treated at different temperatures and for different time periods (fig. 8.14). Samples 
were left to natural age for four weeks before hardness measurements were taken. After 
heat treating for 1 hr at 400 ˚C, the hardness of the PZ and the parent material was 
found to be reduced slightly from both the original as-cast alloy and directly after FSP. 
This behaviour is likely to be due to the precipitation of solute that was still present 
within the microstructure out of solid solution as coarse precipitates, and the coarsening 
of the existing second phase particles, which caused the material to soften. Increasing 
the heat treatment temperature to 450 ˚C resulted in a higher average hardness 
compared to heat treating at 400 ˚C, but there was still a net strength reduction 
compared to the casting, and the hardness in the PZ was still reduced slightly from that 
after FSP. Further increasing the heat treatment temperature to 500 ˚C, showed further 
improvement to the hardness of the PZ, which then maintained a similar hardness level 
to the as cast material. The increase in hardness after heat treating the PZ above 
temperatures of 450 ˚C is caused by the dissolution of the Al2Cu and Mg2Si, which 
accelerates with increasing temperature [Samuel et al., 1996], returning solute into solid 
solution, and GPZs and solute clustering can then develop within the alloy during 
natural ageing. 
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Fig. 8.13 Graphs showing the weight fraction of the different phases predicted within 
Alloy-1 by JMatPro, during cooling from (a) 500 °C, (b) 450 °C, to (c) room 
temperature. 
239 
 
 
Fig. 8.14 Hardness profile across the PZ of Alloy-2, after being FSP at a transverse 
speed of 200 mm min
-1
 and a rotation rate of 500 RPM, and heat treated at different 
temperatures. 
 
8.5 Tensile Tests 
In order to determine the tensile strength of the FSP material, tensile samples were cut 
from the PZ parallel to the transverse direction. These specimens were 4 mm in 
diameter and had a gauge length of 32 mm. To imitate the working condition within the 
engine, tensile experiments were carried out both at room and at elevated temperatures. 
This was achieved by investigating the mechanical properties at different temperatures 
and after different heat treatment times. 
 
8.5.1 Room Temperature Testing 
At room temperature, the mechanical properties of the as-cast alloys were very poor. 
Typical stress strain curves, at a strain rate of 2 mm min
-1
, are shown in fig. 8.15. It is 
possible to see that the mean ultimate tensile strength (UTS) of Alloy-2 was only ~80 
MPa, with a mean elongation of only ~0.2 % to failure. This is mainly due to the 
presence of large pores and brittle Si particles, which existed within the material after 
casting and acted as crack nucleation and propagation sites [Wang et al., 2001]. Directly 
after FSP, the alloy demonstrated significant improvements in tensile properties. The 
UTS were increased to greater than ~250 MPa, and ductility higher than 2 %, which is 
mainly due to the elimination of porosities and the refinement of the microstructure. 
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Other researchers have shown that the tensile properties and fatigue of cast Al-Si alloys 
increased with decreasing pore size and density [Lee et al., 2003]. It is notable that the 
sample processed at 700 RPM appeared to show better properties than the material 
processed at 500 RPM (table 8.2). This difference is most likely related to the 
processing temperature experienced by the material during FSP. At a high rotation rate, 
the peak processing temperature can be greater than the solvus temperature of the Al2Cu 
phase, causing partial dissolution within the alloy at ~480 ˚C [Samuel et al., 1996]. 
GPZs can then develop during natural ageing at room temperature, giving rise to an 
increase in strength. Furthermore, a more homogeneous distribution of second phase 
particles is believed to have some influence on both ductility and tensile strength, as 
reported by Karthikeyan et al. [Karthikeyan et al., 2009]. This is because large particles 
distributed in clusters, act as nucleation sites where large voids can develop leading to 
premature failure. 
 
Fig. 8.15 Typical stress strain curves tested at room temperature, for Alloy-2 samples 
friction stir processed at a transverse speed of 200 mm min
-1
, and a rotation rate of (a) 
500 RPM and (b) 700 RPM, after heat treating at different temperatures and times. 
By studying fracture surfaces in cross section, it was possible to see that at room 
temperature crack initiation and propagation were dominated by the high density of 
pores that existed within the as-cast material (fig. 8.16a), which has also been reported 
by other authors [Seniw et al., 2000; Wang et al., 2001]. After FSP, the pores were 
eliminated from the microstructure, and cavities started to develop at the larger and less 
refined Si particles (fig. 8.16b). The large Si particles are brittle, and are statistically 
more likely to contain flaws [Joyce et al., 2003], initiating cracks during tensile testing, 
which then coalesce and link up as the cracks propagate. This was also demonstrated by 
the high density of fractured large Si particles found below the fracture surface (fig 
8.16b). 
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Condition  
(500 RPM & 700 RPM) 
0.2 % Proof Stress  
(Mpa) 
Ultimate Tensile 
Strength (MPa)  
Total Elongation 
(%) 
As Cast N/A 80 0.2 
As FSP  210 204 249 280 2.1 4.3 
400 ˚C for 1 hr 142 140 230 225 6.2 7.0 
450 ˚C for 1 hr 166 165 265 242 5.9 3.8 
500 ˚C for 1 hr 180 173 254 234 3.1 2.0 
500 ˚C for 4 hr 178 181  284 248 5.9 2.0 
500 ˚C for 24 hr 181 177  288 244 2.8 2.6 
 
Table 8.2 Average yield strength, ultimate tensile strength, and total elongation for all 
Alloy-2 FSP samples heat treated at various temperatures, and for different time 
periods, tested at room temperature. 
 
Fig. 8.16 Optical images taken along the fracture path of the samples tested at room 
temperature, (a) the original as-cast material, and (b) after FSP at a transverse speed of 
200 mm min
-1
 and rotation rate of 500 RPM. 
After heat treating the PZ at 400 °C, the yield strength of the material was found to be 
reduced, and the ductility was increased. This change to the mechanical properties is 
due to the precipitation of solute as coarser equilibrium phases, which reduces the yield 
strength. Coarsening of the finer second phase particles within the microstructure (see 
section 8.2), and partial grain growth would also occur on the retreating side of the PZ 
at this temperature (section 8.3). In addition, dislocation recovery may also have some 
influence on the mechanical properties. Although the microstructure within the PZ was 
fully recrystallised after FSP, it has been reported that relatively high densities of 
dislocations can be generated within the recrystallised grains during FSP [Su et al., 
2003], causing the material to strain harden. As a result, the density of the dislocations 
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can be reduced by rearrangement and annihilation at high temperature, causing the 
material to soften, and increasing the ductility. As the temperature and time of heat 
treatment was increased at 500 °C, the ductility of the material gradually reduced (table 
8.2), due to the yield strength increasing from solute in solid solution contributing to 
natural ageing [Samuel et al., 1996] and further grain growth and particle coarsening. 
However, the changes to the microstructure with increased heat treatment time was 
insignificant to develop any notable differences to the fracture surface at room 
temperature, as failure was still dominated by the fracturing of the larger Si particles. 
 
8.5.2 Elevated Temperature Testing 
Tensile tests were also performed at 400 °C, in order to investigate the high temperature 
performance of the friction stir processed Al-Si alloy. Typical stress strain curves, at a 
strain rate of 2 mm min
-1
, are shown in fig. 8.17. At elevated temperatures, the UTS of 
the alloy was reduced from that measured at room temperature due to the decrease in 
flow stress, and softening of the material at high temperatures. The ductility showed a 
slight improvement, but was still low. However, after FSP, the material showed a vast 
improvement in ductility, which at 400 °C was greater than 70 % total elongation. This 
is due to the closure of porosity during FSP, and refinement of the brittle second phase 
particles that tended to initiate cracks and encouraged failure. As seen in section 8.3, the 
refined particles were able to prevent grain growth across the majority of the PZ when 
heat treated at 400 °C. Therefore, the finely recrystallised grains enhanced plasticity of 
the material, while dynamic recovery also occurs more readily at elevated temperatures.  
 
Fig. 8.17 Typical stress strain curves tested at 400 °C, for samples FSP at a transverse 
speed of 200 mm min
-1
, and a rotation rate of (a) 500 RPM and (b) 700 RPM, after heat 
treating at different temperature and treatment time. 
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Condition  
(500 RPM & 700 RPM) 
0.2 % Proof Stress  
(MPa) 
Ultimate Tensile 
Strength (MPa)  
Total Elongation 
(%) 
As Cast N/A  47 0.5  
As FSP - - - - - - 
400 ˚C for 1 hr 16 16 19 19 > 70 >70 
450 ˚C for 1 hr - - - - - - 
500 ˚C for 1 hr 30 30 31 31 59.3 66 
500 ˚C for 4 hr 31 31 32 33 58 56 
500 ˚C for 24 hr 33 33 35 34 43 58 
 
Table 8.3 Yield strength, ultimate tensile strength, and total elongation for all Alloy-2 
FSP samples heat treated at various temperatures, and for different time periods, tested 
at 400 ˚C temperature. 
At elevated temperatures, fracture within the as-cast material were found to be 
dominated by the link up of voids in high porosity density regions, as observed at room 
temperature testing. However, by eliminating the porosity after FSP, the generation of 
voids became dominated by the cracking and inter-particle failure of the Si particles. 
Cracking and decohesion of Si particles has been suggested to be associated with the 
difference in thermal expansion coefficient between Si and Al, causing a strain 
mismatch [Joyce et al., 2003]. Large quantities of particle-matrix debonding were 
observed mainly around the larger Si particles along the fracture path (fig. 8.18b), and 
close to the fracture surface, which developed into large tears and voids within the 
material (fig. 8.18a). A similar failure behaviour has also been reported in Al-Si cast 
alloys at elevated temperatures by other authors [Joyce et al., 2003; Rajaram et al., 
2010]. As the time of heat treatment increased at 500 °C, the ductility of the FSP 
material was reduced (table 8.3), due to grain growth and particle coarsening. On the 
other hand, the UTS slightly increased, which is likely to be due to a small increase in 
precipitation strengthening, caused by further dissolution of Al2Cu and Mg2Si phase 
after the initial heat treatment process. 
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Fig. 8.18 Optical images taken along the fracture path of the samples tested at 400 ˚C, 
(b) after FSP at a transverse speed of 200 mm min
-1
 and a rotation rate of 500 RPM, and 
(b) heat treated at 500 ˚C for 1 hr. 
 
8.6 Summary 
In order to investigate the stability of the refined microstructure of the cast Al-Si alloys 
after FSP, samples were heat treated at different temperatures, and for a different length 
of time. The changes to the particle and grain structure throughout the PZ were 
evaluated in detail. Changes in material hardness across the PZ were also measured, and 
tensile tests were carried out at both room and elevated temperatures, to try and imitate 
the working condition within an automotive engine. 
The changes to the refined particles was found to be minimal after heat treating at 400 
°C and 450 °C for 1 hr, although the very fine particles that existed within the 
microstructure seems to have disappeared. However, greater changes to the particles 
were observed after heat treating at 500 °C, due to the increased atomic diffusion rate as 
the temperature was increased, which in turn increased the rate of Ostwald ripening. An 
increase in particle size was also observed, as the time of heat treatment was increased 
up to 24 hrs. Furthermore, the coarsening rate and the resulting particle size was found 
to be higher on the retreating side than the advancing side of the PZ, due to the 
clustering of the particles, and a more uniform grains structure that developed on the 
retreating side of the PZ. 
In term of the grain structure, it was found that after heat treating at 400 °C and 450 °C 
for 1 hr, no grain growth was observed on the advancing side of the PZ, since the 
pinning pressure exerted by the refined particles was sufficient in hindering grain 
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boundary motion. However, abnormal grain growth was observed toward the retreating 
side of the PZ, as the highly clustered and coarser particles greatly favoured instability. 
Therefore, abnormal grain growth only requires a relatively small size advantage (low 
values of R/  ) to occur, and the maximum grain size achieved in abnormal grain growth 
is relatively low, so the growing grains quickly reached their limiting size. As a result, 
increasing the temperature and time of heat treatment showed very little, or no, changes 
to the size of the grains. On the other hand, abnormal grain growth became observable 
on the advancing side after heat treating at 500 °C. This is due to the increase in grain 
boundary mobility, as well as a reduction in the pinning pressure, as the particles 
coarsen. The condition for abnormal grain growth on the advancing side of the PZ was 
predicted to require a larger R/   value, therefore instability would only occur when 
isolated very large grains were present, which then leads to the development of fewer 
but larger grains within the microstructure. Furthermore, when samples processed at 
different rotation speeds were compared, the specimens processed at a higher rotation 
rates appeared to show better microstructure stability, after heat treating at 400 and 450 
˚C, as increasing the rotation speed generated a more even and randomised particle 
distribution further into the retreating side of the PZ. In addition, the mean particle size 
within the sample processed at a higher rotation rate was generally larger, due to a 
larger value of R/   that was required in order to achieve instability. 
Interestingly, it was found that very little change to the hardness of the Al-Si alloys was 
observed directly after FSP. It has been demonstrated that refinement of the 
microstructure resulted in very little influence on the hardness of the material. This 
suggests that the hardness of the cast Al-Si alloys is largely determined by the solute 
present. While the high volume fraction of the second phase particles that exist within 
the alloys can potentially increase hardness by constraining yielding through load 
transfer, and enhanced work hardening, this does not appear to result in much variability 
in hardness across the processed tracks. However, increasing the rotation rate and 
processing temperature resulted in a slight increase in hardness, which appears to be 
caused by the dissolution of the Al2Cu phase back into solid solution, at temperatures 
above ~450 °, which can then precipitate as GPZs during natural ageing. 
Greater changes to the hardness profile of the PZ were observed after heat treatment. 
When the sample was heat treated for 1 hr at 400 °C, the hardness of the PZ and the 
parent material was found to be reduced slightly from that of both the original as-cast 
alloy and directly after FSP. This is due to the precipitation of solute that was still 
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present within the microstructure out of solid solution as coarse precipitates, and the 
coarsening of the existing second phase particles, which caused the material to soften. 
However, improvement in hardness can be observed as the temperature and time of heat 
treatment temperature was increased, which was again likely to be caused by the 
dissolution of the Al2Cu, which returns solute into solid solution, so GPZs and solute 
clustering can then develop within the alloy during natural ageing. 
From the tensile experiments, the tensile properties of the as-cast Al-Si alloy were 
found to be very poor. By studying the fracture surface, it was possible to see that both 
at room and elevated temperatures, failure were dominated by the link up of voids in 
high porosity density regions. However, after FSP, the ductility of the material was 
greatly improved. This is due to the elimination of voids from the microstructure, and 
the refinement of the large Si particles, which tended to initiate cracks. In general, after 
heat treating the sample at 400 °C for 1 hr, the yield strength of the material was found 
to be reduced, and the ductility increased, both at room and elevated temperatures, due 
to the precipitation of solute as coarser equilibrium phases. As the temperature and time 
of heat treatment was increased to 500 °C, the ductility of the material was gradually 
reduced, and the yield strength was increased, because Al2Cu started to dissolve during 
heat treatment, and the solute in solid solution then contributed to natural ageing. 
Eliminating the voids from the microstructure after FSP resulted in failure at room 
temperature, becoming dominated by the fracturing of the larger Si particles present, 
while large levels of particle-matrix debonding were observed at elevated temperatures.  
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Chapter 9 
Conclusions 
In this thesis, the mechanisms of particle refinement during FSP of cast Al-Si alloys, 
and the effect of various processing parameters on particle refinement and spatial 
distribution have been studied in detail. Results were compared to predictions from 
computer models, in order to obtain a better understanding of the processing conditions. 
Furthermore, the stability of the microstructure and the mechanical properties of the 
friction stir processed material were studied after being heat treated at elevated 
temperatures. The main findings are summarised below: 
 The microstructure of the cast Al-Si alloys was greatly refined after FSP. However, 
microstructural homogeneity was not necessarily achieved throughout the 
processed zone. In general, when the rotation rate of the tool was low, better 
particle refinement and spatial distribution was attained on the advancing side, 
compared to the retreating of the PZ. On the other hand, as the rotation rate was 
increased, microstructural differences observed between the advancing and 
retreating side of the PZ were reduced. 
 
 The PZ was found to develop a basin geometry in cross section, which was widest 
at the surface and shrink towards the base of the PZ. A distinct region of greatly 
refined microstructure developed just below the tool shoulder, while there was a 
zone directly below the surface layer, towards the retreating edge of the PZ, where 
the particles tended to be larger and less uniformly distributed. This region of the 
PZ is termed the ‘flow arm’, and was generated by the trailing rear of the tool 
shoulder, which rotates over the material that the tool pin passed through, causing 
material to be dragged across the weld from the less deformed TMAZ into the PZ. 
As the processing temperature was increased, the PZ and the flow arm were found 
to be reduced and became more localised toward the tool surface. 
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 Changing the rotation rate showed very little influence on the mean particle size 
achieved after FSP. A more noticeable change in the particle size was observed as 
the transverse speed was increased, although the change was still relatively modest. 
This influence of the effect of processing on particle size has been explained by 
considering the changes in flow stress, pitch, and temperature of FSP, which 
affected the refinement process. 
 
 The affect of FSP on cast Al-Si alloys were investigated on three different Al-Si 
alloys, with different Si and Ni contents. The results showed that, after FSP, the 
size of the intermetallic particles tended to be better refined than the Si particles. 
Furthermore, primary Si particles appeared to break up as larger fragments, with a 
low aspect ratio, while eutectic Si particles were refined as finer elongated 
fragments. The different size and geometry of the Si particles was caused by the 
original difference in aspect ratio and size between the original eutectic and primary 
particles. 
 
 The spatial distribution of the particle after FSP has been measured using a growth 
method of tessellation. Due to a large spread in particle size distribution after FSP, 
the particle spatial distribution tended to show a greater variance deviation from 
that of a random distribution. It was shown that increasing the rotation rate and/or 
reducing the transverse speed of processing improved the spatial distribution of the 
particles. This was caused by a reduced in pitch, which resulted in a thinner layer of 
material being transported and deposited by the tool per revolution, and therefore 
the fragmented particles were more evenly distributed and particle clusters were 
better separated. 
 
 The thermal field and history during FSP was predicted using a FE thermal model, 
which has been adapted to include the friction stir welding parameters. The thermal 
model was calibrated by fitting the thermal predictions against thermocouple 
measurements, and showed well matched heating and cooling curves. The 
processing temperature was found to be increased with a decreasing pitch, while the 
thermal field became more localised around the tool, and changed from an oval to a 
tear drop geometry, as the transverse speed was increased. 
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 The material flow behaviour during FSP was predicted using a CFD model 
developed by Colegrove et al. Although the model is known to over predict strain 
rate and flow stress, general trends in the data can still be obtained from the results. 
The deformation zone around the tool was predicted to develop a basin geometry in 
cross section, which was found to shrink and become more localised around the 
tool surface as the processing temperature was increased. The flow stress appeared 
to show very little changes along the different flow paths across the PZ, as the 
change in temperature across the PZ underneath the shoulder compensated for the 
reduction in strain rate. In addition, the strain rate experienced by the material was 
found to increase with increasing rotation rate and transverse speed, but the 
processing temperature appeared to have a greater influence on the resulting 
material flow stress. 
 
 The mechanism of particle refinement during FSP has been examined using stop-
action experiments. The second phase particles were observed to start breaking up 
just ahead of the intense deformation zone at the tool surface, and this largely 
occurs by load transfer from the soft plastically deforming matrix to the hard non-
deformable second phases. The particles became rapidly refined once the material 
entered the deformation zone. A high density of voids was generated 
simultaneously with particle break-up. As the flow stress continued to increase 
along the flow paths ahead of the tool, particle size was further reduced, until a 
peak in the flow stress was reached, which then started to reduce as material 
traveled around the back of the tool. Meanwhile, fewer voids were generated. The 
healing process of the voids and the redistribution of the particles required a higher 
strain, and the level of voids continued to improve all the way around the tool.  
 
 The grain structure development around the tool during FSP was investigated by 
studying EBSD maps obtained from the stop-action samples. Due to the high 
volume fraction of large second phase particles within the cast alloys, PSN of 
recrystallistion was observed at the edge of the deformation zone, which increases 
the rate of grain refinement. Further into the deformation zone, the entire grain 
structure was destroyed by the enormous strain experienced by the material, which 
caused continuous recrystallisation to occur. When the material was deposited 
behind the tool, a very fine fully recrystallised grain structure was generated, and 
grain growth was limited by the rapid cooling rate. The grains tended to be finer on 
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the advancing side than the retreating side of the PZ, due to the lower grain 
boundary mobility and a lower Zener limiting grain size on the advancing side of 
the PZ, resulting from the presence of finer and more randomly distributed particles 
which exert a greater pinning pressure onto the grain boundaries. 
 
 The changes to the refined particles were found to be minimal after heat treating at 
low temperatures, although the very fine particles that existed within the 
microstructure seemed to have disappeared. However, greater changes to the 
particles were observed after heat treating at higher temperatures, due to the 
increased atomic diffusion rate as the temperature was increased, which in turn 
increased the rate of Ostwald ripening. An increase in particle size was also 
observed, as the time of heat treatment was increased. Furthermore, the coarsening 
rate and the resulting particle size was found to be higher on the retreating side than 
the advancing side of the PZ, due to the clustering of the particles, and a more 
uniform grains structure developed on the retreating side of the PZ 
 
 The well refined and distributed particles on the advancing side of the PZ was 
found to be sufficient in pinning the grain boundaries, and suppressing grain growth 
during heat treatment at low temperatures. However, after heat treating at higher 
temperatures, abnormal grain growth was observed, which then lead to the 
development of fewer but much larger grains within the microstructure. In 
comparison, abnormal grain growth was observed on the retreating side of the PZ 
even after low temperature heat treatment. The highly clustered and coarser 
particles greatly favoured instability, therefore growing grains quickly reached their 
limiting size. The abnormal grain growth process observed within the PZ during 
post-processing heat treatment has been explained using the theory of recovery, 
recrystallisation, and grain growth proposed by Humphreys. 
 
 Very little change in material hardness was observed after FSP. It has been shown 
that the refinement of the microstructure demonstrated very little influence to the 
hardness of the material, suggesting that the hardness of the cast Al-Si alloys is 
largely determined by the solute present, while the high volume fraction of the 
second phase particles that exist within the alloys can also increase hardness by 
constraining yielding through load transfer. After heat treating the samples at low 
temperature, the hardness of the PZ and the parent material was found to be 
reduced slightly from both the original as-cast alloy and that directly after FSP. 
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This is due to the precipitation of solute that was still present within the 
microstructure as coarse precipitates, and the coarsening of the existing second 
phase particles. However, an improvement in hardness was observed as the 
temperature and time of heat treatment was increased, caused by the dissolution of 
the Al2Cu phase, which returns solute into solid solution, so GPZs and solute 
clustering can then develop within the alloy during natural ageing. 
 
 From tensile experiments, the tensile properties of the as-cast Al-Si alloy were 
found to be very poor. Failure was dominated by the link up of voids in high 
porosity density regions. However, the ductility of the material was greatly 
improved after FSP, as voids were eliminated from the microstructure, and the large 
Si particles, which tended to initiate cracks, were refined. After heat treating the 
samples at low temperatures, the yield strength of the material was found to be 
reduced, and the ductility was increased, both at room and elevated temperature 
testing. This is due to the precipitation of solute as coarser equilibrium phase. As 
the temperature and time of heat treatment was increased, the ductility of the 
material was gradually reduced, and the yield strength was increased, because 
Al2Cu started to dissolve during heat treatment, and the solute in solid solution then 
contributed to natural ageing. The elimination of voids from the microstructure 
after FSP caused failure at room temperature to become dominated by the 
fracturing of large Si particles still present, while large quantities of particle-matrix 
debonding were observed at elevated temperature. 
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